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3Le coeur de l’homme intelligent acquiert la connaissance,
et l’oreille des sages cherche la connaissance.
Proverbes 18:15
4Abstract:
Asymmetric cell division is important to generate tissue diversity. The Caenorhabditis
elegans embryo is well suited to study the mechanisms of asymmetric cell division. In wild
type one-cell stage embryos, the spindle sets up along the anterior-posterior axis (AP). During
anaphase, the spindle elongates. While the anterior spindle pole is relatively immobile, the
posterior spindle pole moves towards the posterior cortex during anaphase leading to an
asymmetric spindle position. As a result, the first cleavage gives rise to a large anterior
blastomere and a smaller posterior one, which differs also in cell fate determinants. This
posterior spindle displacement occurs in response to polarity cues set up along the AP axis by
the PAR proteins and is due to imbalanced pulling forces acting on the two spindle poles,
with net forces acting on the posterior spindle pole being more extensive than those at the
anterior one.
The project of my thesis was to characterize the involvement of two new components, gpr-1
and gpr-2, in spindle positioning. These genes encode essentially identical proteins containing
a GoLoco motif characteristic of proteins interacting with a subunits of heterotrimeric G
protein (Ga). In gpr-1/2(RNAi) embryos and in embryos lacking simultaneously two a
subunits, goa-1 and gpa-16, (Ga(RNAi) embryos), there is a minimal posterior displacement
of the spindle during anaphase, and the first division is equal. I found that the pulling forces
acting on the two spindle poles is weak and equal in gpr-1/2(RNAi) and Ga(RNAi) embryos. I
found that GPR-1/2 acts downstream of polarity cues for generation of pulling forces.
Furthermore, I showed that GPR-1/2 distribution was enriched at the posterior cortex during
metaphase whereas GOA-1 and GPA-16 were uniformly distributed at the cell cortex
throughout the cell cycle. Ga subunits oscillate between GDP- and GTP-bound forms. Ga
signaling is turned on by GDP/GTP exchange catalyzed by guanine nucleotide exchange
factors (GEFs) and turned off by hydrolysis of GTP catalyzed by GTPase activating proteins
(GAPs). A third class of proteins, the guanine dissociation inhibitors (GDIs), binds the GDP-
bound form of Ga subunits and inhibits nucleotide exchange. I found that GPR-1/2 acts as a
GDI for GOA-1. Taken together, my findings suggest a model in which differential activation
of Ga subunits along the AP axis may translate into generation of differential pulling forces
on the anterior and posterior spindle poles, and, thus, asymmetric cell division.
5Résumé:
L'embryon du nématode Caenorhabditis elegans est un modèle approprié pour étudier les
mécanismes de la division asymétrique. Chez l'embryon précoce, le fuseau mitotique se forme
le long de l’axe antéro-postérieur (A/P) et au centre de l’embryon, le pôle antérieur restant
relativement immobile alors que le pôle postérieur du fuseau se déplace vers le cortex
postérieur au cours de l'anaphase conduisant à une position excentrée du fuseau. Il en résulte
une première division qui génère un blastomère antérieur et postérieur de grande et petite
taille respectivement et qui diffèrent en facteurs développementaux. Ce déplacement
postérieur se produit en réponse de la polarité établie par la distribution polarisée des
protéines PAR et est le résultat de la génération de forces inégales tirant sur les deux pôles du
fuseau, les forces agissant sur le pôle postérieur du fuseau étant plus grandes.
Le projet de ma thèse était d'identifier la fonction de deux nouveaux constituants, gpr-1 et
gpr-2 dans le positionnement asymétrique du fuseau. Ces gènes codent essentiellement pour
la même protéine qui contient un motif GoLoco, caractéristique des protéines interagissant
avec la sous-unité alpha des protéines G hétérotrimériques. Chez l'embryon gpr-1/2(RNAi) et
chez les embryons dépourvus d'activité de deux sous-unités alpha, goa-1 et gpa-16,
(Ga(RNAi)), j'ai montré qu' il y avait un déplacement minimal du fuseau vers le pôle
postérieur au cours de l'anaphase et la première division est symétrique en raison de forces
faibles et égales agissant sur les deux pôles du fuseau. J'ai également montré que gpr-1/2 était
requis en aval des signaux établissant la polarité pour générer les forces responsables du
positionnement asymétrique du fuseau. De plus, j'ai montré que GPR-1/2 était enrichi au pôle
postérieur lors de la métaphase alors que GOA-1 et GPA-16 étaient localisés de façon
uniforme au cortex de l'embryon précoce. Gas oscillent entre une forme liée au GDP et une
forme liée au GTP. La signalisation des Gas est activée par l'échange GDP/GTP qui est
catalysé par des protéines GEFs. La signalisation des Gas est désactivée par l'hydrolyse du
GTP qui est catalysée par des protéines GAPs. Une troisième classe de protéines, GDIs lie la
forme GDP et inhibe l'échange de nucléotides. J'ai montré que GPR-1/2 agissait comme un
GDI pour GOA-1. Mes résultats suggèrent un modèle dans lequel une activation différentielle
des Ga le long de l'axe A/P pourrait générer des forces différentielles sur le pôle antérieur et
postérieur du fuseau.
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9Introduction:
A multicellular organism starts as a single cell. During
development, the progeny of this cell differentiates into a large variety
of cell types. This diversity is generated notably by asymmetric cell
division (ACD). ACDs generate two daughter cells with distinct cell
fate (fig.1B) either by an intrinsic or an extrinsic mechanism (for
review see Horvitz and Herskowitz, 1992).
The intrinsic mechanism is defined by the existence of differences
within the mother cell. Two cell determinants, A and B, are distributed
to two specific regions of a mother cell. After division, A and B are
segregated into distinct daughter cells, which then differ in cell fate
(fig.1C). The bacterium Caulobacter provides a good example. This
bacterium has two distinct cell types: swarmer cells, which are motile
and develop a flagella, and stalked cells, which are nonmotile and
develop a stalk. The caulobacter distributes specific transcription
factors of swarmer and stalked fates to two different areas of the
mother cell. After division, two cells are generated, one expressing
transcription factors which turn on genes specific of swarmer fate, and
one expressing transcription factors turning on genes specific of
stalked fate. The asymmetric position of the mitotic spindle can
provide cell diversity between daughter cells (fig.1D). A nice example
occurs in Drosophila neuroblasts. Neuroblasts generate two distinct
daughter cells: a so called neuroblast and a so called ganglion mother
cell (GMC). The two cells differ in size but also in segregation of cell
determinants (see more details in the chapter asymmetric cell division
in Drosophila melanogaster, p.11-22). The extrinsic mechanism of
ACDs is mediated by cell signaling either with other cells or between
sister cells. A mother cell generates two daughter cells, which have
both the A/B fate. In the first case of extrinsic ACD, a contact with
another cell induces an A/B cell to adopt the A or the B fate (fig.1E).
The same is true for the other A/B cell. In the second case of extrinsic
ACD, contact between sister cells induces the differentiation of A/B
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cells into the A or the B fate (fig.1F). The nematode Caenorhabitis
elegans provides one such example. The AB blastomere divides to give
rise to an anterior ABa and a posterior ABp blastomere. The ABa fate
is specified by a neighboring EMS blastomere. Both daughter cells are
in contact with the EMS cell. However only one adopts the ABa fate
because only one daughter blastomere expresses the cell surface
protein GLP-1 that receives the signal coming from the EMS
blastomere.
Figure 1: Mechanisms of asymmetric cell division:
(A) Symmetric cell division gives rise to two daughter cells of the same type, A. (B)
Asymmetric cell division generates daughter cells of two distinct types, A and B. (C-
D) Intrinsic mechanisms. (C) Fate determinants A and B localized in different
regions of the mother cell are differentially segregated to the two daughter cells. (D)
Asymmetric position of the cleavage plane generates two daughter cells, which differ
in size and in cell fate determinants. (E-F) Extrinsic mechanism. Two sister cells
have an A/B fate. (E) One of them adopts the A fate through its interaction with
another cell (X). (F) Two daughter cells adopt different fates through mutual
interaction (dashed line).
Thus asymmetric cell division is important for segregating different
cell fate determinants to daughter cells. In the following section, I
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focus on the fruit fly Drosophila melanogaster, which provides
mechanistic insight related to my work in C. elegans.
1- Asymmetric cell division during Drosophila melanogaster
development:
The development of the central and peripheral nervous system in
Drosophila requires a number of asymmetric divisions including in
neuroblasts and sensory organ precursor (SOP) cells.
1-1 Asymmetric cell division in central nervous system (CNS)
development:
The central nervous system develops from precursor cells called
neuroblasts (NBs). The NBs develop from an epithelium, which is
polarized along an apical-basal axis (for review, see Knoblich, 2001).
The NBs move from the epithelial layer to become an individual cell in
a process called delamination (fig.2A).
This delamination signals the initiation of the first asymmetric
division. The NBs divide asymmetrically to give rise to a larger NB
and a smaller ganglion mother cell (GMC). The larger NB undergoes
several round of mitoses to generate new NBs whereas the smaller
GMC divides one more time to generate two differentiated neurons.
During division of neuroblasts, the mitotic spindle is initially oriented
perpendicular to the apical-basal axis, but finally rotates by 90°. This
results in orientation of the spindle along the apical-basal axis. Spindle
reorientation is necessary to segregate cell fate determinants to the
basal side of the NB and thus, to the GMC after cytokinesis. One of
these proteins is the transcription factor Prospero (Pros), which turns
off neuroblast specific genes and turns on GMC specific genes in
GMCs (Knoblich et al., 1995; Hirata et al., 1995; Spana et al., 1995).
The distribution of prospero RNA and protein is regulated by two
Introduction
12
components: Staufen protein, a RNA binding protein, which controls
prospero mRNA distribution by binding its 3’UTR and Miranda, a
coiled-coil protein, which controls Prospero distribution by recruiting it
to the basal cell cortex (Shen et al., 1997; Schuldt et al., 1998). In
addition, Miranda also regulates Staufen distribution (Matsuzaki et al.,
1998; Schuldt et al., 1998). Two others proteins are also
asymmetrically located at the basal cortex of the NB and segregated in
the GMC cell: Numb, a membrane-associated protein and, Pon, Partner
Of Numb, a coiled-coil protein. Numb and Pon physically interact and
both colocalize at the basal cortical crescent (Lu et al., 1998). Pon is
required for the proper distribution of Numb at the basal cortex (Lu et
al., 1998). Numb function in GMC specification remains poorly
understood.
Figure 2: Asymmetric cell division in neuroblasts (NBs) and sensory organ
precursors (SOPs) in Drosophila:
(A) Asymmetric cell division in NBs. (B) Asymmetric cell division in SOPs.
Subcellular distribution of polarity regulators and fate determinants is indicated in
color. Baz, Bazooka; DaPKC, Drosophila atypical protein kinase; Insc, Inscuteable;
Mir, Miranda; GMC, ganglion mother cell. Adapted from Wodarz and Huttner, 2003.
The apical-basal polarity is established by the apical protein
complex, including Bazooka/DmPAR-6/DaPKC (fig.2A; fig5Aa).
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Bazooka, DmPAR-6, PDZ-containing proteins and DaPKC (atypical
protein kinase C) are homologues of C. elegans PAR-3, PAR-6 and
PKC-3 respectively (see PAR proteins section, p.38-55). The
Bazooka/DmPAR-6/DaPKC form a complex localized at the anterior
cortex in epithelial cells (Kuchinke et al., 1998; Petronczki and
Knoblich, 2001). Depletion of one of these components disrupts the
complex and leads to defect in apical-basal polarity including defect in
spindle orientation and in segregation of Miranda. Initially during
interphase, Miranda and associated components are located at the
apical side, but they move to the basal side during metaphase. How is
the basal distribution of Miranda, Prospero, Numb and Pon regulated?
Neuroblasts treated with Latrunculin A have defective distribution and
segregation of Prospero, Numb and Miranda (Knoblich et al., 1997).
This suggests that the distribution of cell determinants to the basal
cortex requires transport via myosin motors along actin filaments.
Deletion of a myosin VI, Jaguar, leads to mislocalization of Miranda
(Petrisch et al., 2003). Jaguar also localizes at the basal cortex, but its
distribution does not completely overlap with that of Miranda,
suggesting that Jaguar is not required for Miranda anchoring at the
basal cortex. Instead, Jaguar is proposed to act as a transporter, which
carries cargo that includes Miranda to the basal cortex. Moreover,
Miranda seems to bind another myosin motor, Myosin II. Myosin II is
also involved in basal distribution of determinant but not by promoting
active transport. The motor mediates an apical exclusion (see below
and Barros et al., 2003). The conserved PAR/aPKC complex also is
required for apical-basal polarity (see also PAR proteins section, p.38-
55). This complex appears to be required for the proper localization
and segregation of Miranda, Prospero and Numb protein to the basal
cortex by apical exclusion. Betschinger et al (2003) have shown that
Lethal giant larvae (Lgl) is also part of the PAR/DaPKC complex. The
PAR protein complex controls Lgl activity at the apical cortex through
phosphorylation of Lgl by DaPKC. This phosphorylation is required
for the restriction of Miranda to the basal cortex. Indeed,
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overexpression of a non-phosphorylable Lgl leads to uniform
distribution of Miranda at the cortex. How does Lgl activity control
Miranda distribution at the basal cortex? Lgl binds Myosin II, which is
itself required for basal distribution of Miranda (Barros et al., 2003).
The Lgl-Miranda interaction inhibits myosin activity and the assembly
of actin filaments. Thus, Barros et al (2003) proposed that at the apical
cortex, the PAR/DaPKC complex serves to inactivate Lgl activity by
phosphorylation (fig.3). Inactivated Lgl does not bind Myosin II,
allowing Myosin II to participate in actin organization and thus prevent
Miranda distribution at the apical cortex. At the basal cortex, Lgl is
activated, as it is not phosphorylated, and thus interact with Myosin II.
As a result, actin filaments are not formed, leading to a basal
distribution of Miranda.
Figure 3: Model of asymmetric segregation of cell fate determinants in
Drosophila  neuroblasts:
During interphase, the fate determinant Miranda is located at the apical cortex.
During metaphase, Lgl is phosphorylated by DaPKC, inhibiting the interaction of Lgl
with Myosin II (myoII). Actin filaments are then organized to exclude Miranda from
the anterior cortex. Adapted from Barros et al., 2003.
Therefore, DaPKC, controls polarity establishment by
phosphorylating a component regulating the actin cytoskeleton, Lgl. As
myoII
LglmyoII
actin filament
actin filament
Lgl -p
distribution of Miranda
exclusion of Miranda
DaPKC
apical
basal
Lgl
Lgl myoII MirandaPAR/ DaPKC complexDNA
Asymmetric cell division during Drosophila melanogaster development
15
DaPKC is highly conserved in other organisms, polarity could be
established using a similar mechanism.
Bazooka controls the distribution of Inscuteable at the apical cortex
(Schober et al., 1999; Wodarz et al., 1999). Inscuteable is first detected
at the time of delamination in the stalk-like structure. After
delamination, Inscuteable is located at the apical cortex of the NB until
anaphase when it disappears from the cell cortex, a time window
correlating with the disappearance of Bazooka (fig.2A). In the absence
of Inscuteable, the spindle fails to rotate and Miranda and Prospero are
missegregated into both NB and GMC cells, suggesting defects in
polarity. This may results in part from polarity loss as in inscuteable
mutant NBs, Bazooka staining is reduced but the crescent is still
present at the apical cortex (Schober et al., 1999 and Wodarz et al.,
1999). Inscuteable binds the ternary complex through its physical
interaction with Bazooka (Wodarz et al., 1999). Dissociation of the
PAR/DaPKC complex leads to loss of apical cortical distribution of
Inscuteable (Schober et al., 1999 and Wodarz et al., 1999).
The Pins (Partner of Inscuteable) protein has been identified by
virtue of its physical interaction with Inscuteable (Parmentier et al.,
2000; Schaefer et al., 2000). Pins is also located at the apical cortex
(fig.2A), in an Inscuteable-dependent manner (Schaefer et al, 2000).
pins mutant NBs have the same defect as inscuteable mutant NBs: loss
of polarity, resulting in misorientation of the spindle and misegregation
of Miranda and others determinants. In addition, in pins mutant NBs,
whereas Inscuteable localization at the apical cortex initiates correctly,
it is not maintained. Thus, Inscuteable recruits Pins to the apical cortex,
Pins in turn maintains Inscuteable at its location. Pins has homologues
in other organism including mammalian LGN, in Purkinje cells Pcp2,
and AGS3 (Activator of G protein Signaling 3). The predicted Pins
protein contains six tetratrico-peptide repeats (TPR), typically involved
in protein-protein interaction, and three 19 amino-acids long GoLoco
Introduction
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motifs, which is known to interact with a subunits of heterotrimeric
Guanine nucleotide binding proteins or G proteins.
1-2 Heterotrimeric G protein signaling:
G proteins are involved in most physiological functions. They are
formed of three subunits: Ga, Gb  and Gg. Gb  and Gg form a functional
unit that never dissociates (except by denaturation). Twenty Gas, 5
Gbs and 11 Ggs have been discovered in mammals. Heterotrimeric G
proteins are associated at the plasma membrane with seven-
transmembrane receptors (GPCRs for G protein coupled receptors). Ga
proteins oscillate between two forms: a guanosine diphosphate- (GDP)-
bound form and a guanosine triphosphate-(GTP)-bound form. In the
classical activation cycle, GPCR, associated to heterotrimeric
Ga(GDP)Gbg, is activated by binding of an agonist (fig.4A). This
induces a conformational change in the receptor, which leads to release
of GDP and binding of GTP on Ga. This nucleotide exchange induces
a conformational change in Ga, which results in its dissociation from
Gbg. GTP-bound Ga and free Gbg can then interact with their
downstream effectors to mediate intracellular signaling events. Ga and
Gbg remain active until the intrinsic GTPase activity of Ga hydrolyzes
GTP to GDP. The GDP-bound form of Ga then reassociates with Gbg
to be presented again to the GPCR. This activation cycle can be
regulated by three classes of proteins (fig.4B). First, GDP dissociation
inhibitors (GDIs), which interact with the GDP-bound form of Ga and
inhibit GDP dissociation. In the classical cycle, Gbg acts as GDI
towards Ga. Second, Guanine nucleotide Exchange Factors (GEFs),
which promote the GDP versus GTP exchange on Ga. In the classical
cycle, GEF activity is mediated by GPCR associated to its ligand.
Third, GTPase Activating Proteins (GAPs), which accelerate the
intrinsic GTP hydrolysis of Ga, as RGS (Regulator of G protein
Signaling) proteins (Hooks et al., 2003).
Asymmetric cell division during Drosophila melanogaster development
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Figure 4: Two modes of activation of heterotrimeric G proteins:
Classical activation of heterotrimeric G proteins (GaGbg) through transmembrane G
protein coupled receptor (GPCRs). The GPCR, activated by interaction with a ligand,
catalyzes the exchange of GDP to GTP on Ga, causing dissociation of GTP-bound
Ga and of Gbg, which can both bind their respective effectors to mediate cellular
events. G protein signaling is turned off by hydrolysis of GTP which mediates
reassociation of GDP-bound Ga to Gbg (B) The cycle of G proteins may be regulated
by three classes of proteins: (1) GDP dissociation inhibitors (GDIs), which bind
specifically the GDP-bound form of Ga subunits and prevent nucleotide exchange;
(2) guanine nucleotide exchange factors (GEFs), which catalyze GDP/GTP exchange;
(3) GTPase activating proteins (GAPs), which catalyze GTP hydrolysis. (C) Model of
G protein signaling activated by GoLoco-containing protein. In the absence of
GPCRs activation, dissociation of Gbg from Ga is mediated by binding of GoLoco-
containing protein to GDP-bound Ga. Ga effectors are used in the case of C. elegans
whereas Gbg effectors are used in the case of D. melanogaster. Adapted from Kimple
et al (2002).
Interestingly, heterotrimeric G proteins can be activated in a
receptor independent manner (fig.4C). Evidence for this came from a
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screen for receptor independent G protein activation conducted in
budding yeast (Takesono et al., 1999). Some of these turned out to be
GoLoco-containing proteins. In vitro data demonstrated that
dissociation of Gbg from Ga is induced by binding of a GoLoco-
containing protein to the GDP-bound form of Ga. The GoLoco motif
containing protein and Gbg appear to be mutually exclusive for binding
to Ga.GDP. The GoLoco motif acts as GDI (Bernard et al., 2001;
Natochin et al., 2001). This results in activation of Gbg effectors and
not Ga effectors as no GTP-bound form is generated (for review, see
Kimple et al., 2002).
In Drosophila, Gia has been identified as interacting with
Inscuteable (Schaefer et al., 2000). Gia is first located at the basal
cortex of epithelial cells. From delamination until anaphase, Gia is
asymmetrically located at the apical cortex of NB, and its distribution
is Inscuteable dependent (Schaefer et al., 2001). Overexpression and
deletion of Gia lead to defects in apical-basal polarity, as the spindle is
misoriented and the distribution of Inscuteable, Pins, Miranda and
Numb is affected (Schaefer et al., 2001; Yu et al., 2003). Moreover, it
appears that the GDP-bound form of Gia, rather than the GTP-bound
form is required for apical-basal polarity since the overexpression of
GTP-locked form of Gia does not affect polarity in contrast to that of
wild type Gia. Furthermore, Gbg subunit is not found in the Gia/Pins
complex. In addition, Gb  is also involved in polarity establishment in
NBs (Schaefer et al., 2001, Fuse et al., 2003). Indeed, deletion of Gb
induces defects in mitotic spindle orientation along the apical-basal
axis, in distribution of Inscuteable, Miranda and Numb, which are
found in the cytoplasm instead at the cortex.
Inscuteable, Pins and Ga are also involved in spindle positioning
more directly (Fig.5Ab). Asymmetric cell division of NBs is the
consequence of two events that occur during anaphase: spindle
asymmetry and displacement of the mitotic spindle to the basal cortex.
Asymmetric cell division during Drosophila melanogaster development
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In wild type, the metaphase spindle is asymmetrically organized, with a
larger apical and a smaller basal spindle pole. One study has reported
that two redundant pathways control spindle asymmetry and
positioning: first, the PAR/DaPKC complex, together with Inscuteable
and, second, the Gia/Pins complex (Cai et al., 2003). Indeed, pins
mutants exhibit defects in spindle asymmetry and displacement, but at
low frequencies (Cai et al., 2003). By inactivating simultaneously Pins
with either Bazooka or Inscuteable, the spindle asymmetry and
displacement defects become fully penetrant. Similar results are
observed by simultaneously depleting Gia and Bazooka, for example
(Yu et al., 2003). Moreover, another study has shown that inactivation
of Gb  also induces spindle geometry defects by affecting the apical
distribution of both apical complexes (Fuse et al., 2003). Thus Gb  acts
upstream of both pathways to regulate spindle asymmetry and
displacement (fig.5Ab).
Figure 5: Model of polarity establishment and spindle positioning in NBs and
SOP cells in Drosophila:
a Spindle orientation b Spindle asymmetry and displacement
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(Aa) polarity establishment and (Ab) spindle positioning in NBs. (Ba) polarity
establishment and (Bb) spindle positioning in SOP cells. See text for details. Adapted
from Schaefer et al (2001) and Fuse et al (2003).
1-3 Asymmetric cell division in peripheral nervous system (PNS)
development:
In Drosophila, the peripheral nervous system develops from a
precursor cell, the sensory organ precursor (SOP) cell also called pI.
The SOP cell divides asymmetrically along the A/P axis to generate
pIIa, which is the precursor of two outer cells (hair and socket cells)
and pIIb, which is the precursor of two inner cells (neurons and sheath
cell, fig.2B). Numb function is required for correct PNS development.
In Numb mutants, the SOP cell divides into two pIIa cells, whereas
Numb overexpression induces generation of two pIIb cells. Numb is
asymmetrically distributed at the anterior cortex of pI and is distributed
strictly to the future pIIb cell. This asymmetric segregation is
responsible for specification of the IIb cell fate. Spindle orientation is
controlled by different mechanisms in SOP cell. First, in contrast to
NBs, spindle orientation in SOP cells, does not require the
PAR/DaPKC complex. Instead, spindle orientation along the A/P axis
is controlled by epithelial planar polarity, which is itself established via
the wingless transmembrane receptor, frizzled and associated
components (fig.5Ba). However, spindle orientation in SOP cells is
controlled by the Gia/Pins complex. The second difference with the
NBs is that the two complexes are distributed at opposite poles in SOP
cells: the PAR/DaPKC complex is at the posterior cortex whereas the
Gia/Pins complex is at the anterior cortex, along with Numb (Bellaiche
et al., 2001a). This opposite distribution is due to the absence of
Inscuteable, as overexpression of Inscuteable leads to distribution of
both complexes at the anterior cortex. Cai et al (2003) asked whether
this opposite distribution induces opposite effects on spindle geometry
(fig.5Bb). In wild type pI cells, the spindle is symmetric. The size
difference between the two daughter cells is explained by a weak
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anterior displacement of the mitotic spindle. Cai et al (2003) have
shown that by depleting one molecule of the posterior complex like
Pins, the spindle shift towards the anterior cortex, whereas conversely
depletion of one component of the anterior complex, like Bazooka,
leads to a posterior displacement. Moreover, by overexpressing
Inscuteable, the displacement towards the anterior cortex is enhanced,
leading to generation of a smaller anterior blastomere than in wild type
(Cai et al., 2003). These findings suggest that the opposite distribution
of PAR/DaPKC complex and Gia/Pins complex is required for
symmetric spindle formation in SOP cells.
ACDs in Drosophila NBs and SOP require the function of the two
complexes, PAR/DaPKC complex and Inscuteable/Gia/Pins, which act
in a different manner in NBs and SOPs. In NBs, PAR/DaPKC and
Inscuteable/Gia/Pins colocalize at the apical cortex, and act in parallel
pathway to control ACDs. In SOPs, Inscuteable is not expressed,
PAR/DaPKC and Gia/Pins are localized to opposite cortices; act in
opposite direction to control spindle positioning. What are the
mechanisms mediating spindle positioning? It appears that spindle
positioning is mediated by interactions between microtubules
emanating from spindle poles and the cell cortex.
In the following section, I describe findings illustrating how spindle
positioning is regulated by interactions between astral microtubules
and the cortex in Saccharomyces cerevisiae.
2-Spindle positioning in yeast Saccharomyces
cerevisiae
Before entry into mitosis, the yeast mother cell initiates polarized
growth to form the bud. S. cerevisiae divides asymmetrically along the
mother-bud axis to generate a larger mother cell and a smaller daughter
cell. Asymmetric spindle position is mediated by two major events:
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first, nuclear movement to the bud and positioning of the short spindle
along the mother-bud axis and, second, the movement of the elongating
spindle and nucleus through the neck. Both events are important for
correct segregation of chromosomes in both mother and daughter cells.
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2-1 Nuclear movement and short spindle positioning into the bud
neck:
At the G1/S transition, the nucleus moves to the mother-bud neck,
where it is then maintained in place at the neck. This nuclear
movement is mediated by interaction between microtubules and the
cell cortex (Adames and Cooper, 2000). During nuclear movement,
microtubules emanating from the spindle pole bodies (SPBs), the
equivalent of the centrosome in higher eukaryotes, grow toward the
cortex where they are captured by the bud tip cortex. This capture is
followed by a microtubule depolymerization event, which leads to
nuclear movement toward the mother-bud neck. When the cell enters
M phase, a short mitotic spindle is formed and is oriented along the
mother-bud axis (for review, see Smeets and Segal, 2002). This
orientation is controlled by the SPBs. During bud emergence,
microtubules emanating from the SPBs initiate interaction with the bud
cortex (fig.6Ab). The SPB is duplicated to give rise to an “old” SPB
and a “new” SPB. The two SPBs are connected by a bridge, which is
eventually cleaved to allow separation of the two SPBs (fig.6Ad).
During SPB separation, astral microtubules emanating from the “old”
SPB dynamically interact first with the bud cortex as it appears that
nucleation of astral microtubules emanating from “new” SPB is
delayed (Shaw et al., 1997). As separation proceeds, a new set of
microtubule contacts occurs with the bud neck region leading to
microtubules nucleated from the “new” SPB to interact with the mother
cortex (fig.6Ac-d). These contacts direct the remaining “new” SPB to
interact first with the mother cortex.  Because of microtubule-cortex
interactions being coupled with SPB separation, the “new” SPB is
driven away from the bud neck, whereas the “old” SPB stay in the
vicinity of the bud neck. This results in orienting the spindle along the
mother-bud axis (fig.6Ae).
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Figure 6: Spindle positioning in Saccharomyces cerevisiae
(A) Nuclear movement mediated by microtubule growth, capture and
shrinkage and separation of both SBPs. The scheme illustrates the
different microtubule behaviours and associated nuclear movements
(see text). Adapted from Smeets and Segal, 2002. (B) Model of spindle
orientation in budding yeast. Kar9p is loaded onto the “old” SPB
through its interaction with Bim1p (step1). Kar9p loading onto the
“new” SPB is inhibited by Cdc28/Clb3-4 (step1). Kar9p moves to the
end of microtubules to interact with Myo2p (step2). Movement of
Myo2p along actin cables toward the bud tip brings Kar9p-associated
microtubules to the bud tip (step3) where Kar9p may be anchored by
cortical component (step4). Adapted from Gundersen and Bretscher,
2003. (C) Model of spindle positioning in budding yeast. In the bud,
cortical Num1p interacts with dynein/dynactin: attempted movement of
cortically anchored dynein/dynactin towards the minus-end causes
microtubule sliding toward the bud neck (step1). The same interactions
occur in the mother cell, leading to generation of two opposite forces
that cause maintenance of spindle position (step2).
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Spindle orientation in budding yeast is mediated by capture of
microtubules by cortical sites. This capture is regulated by the Kar9p
protein. This protein contains a coiled-coil domain at its amino-
terminal half and a Bim1-binding domain at the carboxy-terminal half.
Bim1 is the yeast homolog of human EB1, which is known to act in
concert with adenomatous polyposis coli (APC) protein. In higher
eukaryotes, APC, anchored at the cell cortex, interacts with
microtubule ends through its interaction with EB1. Studies in budding
yeast suggested that capture of microtubules by cortical sites is
conserved as interaction between the cortical protein Kar9p that is
related to APC and plus-end microtubules bound Bim1 mediates this
capture. Miller and Rose (1998) described Kar9p located as a single
dot at the tip of the growing bud, coincident with the tip of bundle of
cortically directed microtubules. Moreover the distribution of Kar9 at
the bud tip was said to be Bim1 dependent and Kar9p and Bim1p were
reported to interact physically (Lee et al., 2000). However, recent
studies offer a different view. Indeed, Liakopoulos et al (2003)
reported two different distributions of Kar9p: on SPBs and along
microtubules. First the authors found that Kar9p is asymmetrically
distributed on SPBs, being present preferentially on the “old” SPB
(fig.6B). While this asymmetric distribution is Bim1 dependent, Bim1
distribution alone cannot explain Kar9p asymmetry, as Bim1p is
distributed to both SPBs. In fact, Kar9p asymmetry is controlled by
Clb3 or Clb4 dependent cdc28 kinase activity. Cdc28 phosphorylation
of Kar9p occurs strictly at the “new” SPB thus decreasing the ability of
Kar9p to interact with Bim1 (fig.6B). As a result, Kar9p is not located
at the “new” SPB. Importantly, the authors show that symmetric
distribution of Kar9p at both SPBs leads to misorientation of both
SPBs to the bud neck, demonstrating that asymmetric distribution of
Kar9p to one SPB is essential for proper orientation of the mitotic
spindle at metaphase.
Second, by perfoming photobleaching experiments, Liakopoulos et
al (2003) found that Kar9p loaded on the “old” SPB then migrates on
Introduction
26
associated microtubules towards the plus ends. Thus, Kar9p appears to
act predominantly on microtubules and not at the cortex as previously
proposed.
How can the asymmetric distribution of Kar9p lead to microtubule
emanating from the old SPB interacting with the bud cell cortex?
Liakopoulos and coworkers have shown that Kar9p at the plus end of
microtubules interacts with a myosin V molecular motor, Myo2p.  This
motor moves in a polarized manner towards the bud neck along
polarized actin cable (growing end directed toward the bud tip). A
recent study reported that the rate of microtubule movements
emanating from the “old” SPB depends on Myo2p velocity (Hwang et
al., 2003). Therefore, Myo2p moves the Kar9p-associated microtubules
along the actin cables toward the bud tip (fig.6B). Mutations in myo2p
or Latrunculin A treatment, which destabilize actin filaments abolish
transport of Kar9p into the bud and thus disrupt spindle orientation
(Miller et al., 1999; Yin et al., 2000, Liakopoulos et al., 2003).
2-2 Movement of elongating spindle through the neck during
anaphase:
After positioning along the mother-bud axis, the mitotic spindle
elongates and moves through the bud neck. This movement occurs in
two steps. First, microtubules attach the bud cortex along their
complete length. The microtubules then slide along the bud cortex
toward the bud tip, which results in entry of the elongating spindle into
the bud (fig.6C). Second, after its entry, the spindle is stabilized into
the bud by microtubule sliding occurring in the mother cell (fig.6C).
Thus spindle positioning into the neck is the result of two pulling
forces acting in opposite direction. Microtubule sliding is mediated by
the minus-end-directed microtubule motor dynein (Dyn1p) and its
cofactor regulator dynactin (Adames and Cooper, 2000). These authors
propose a model where dynein/dynactin anchored at the bud cortex
would attach the microtubules ends and mediate microtubule sliding. In
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addition, Farkasovsky and Kuntzel (1995) have reported that another
cortical protein, Num1p, is also involved in spindle positioning in the
bud through its interaction with the dynein/dynactin complex. Num1p
provides a cortical capture site to microtubules through
dynein/dynactin complex (Farkasovsky and Kuntzel, 2001). Num1p is
not conserved among organisms.
Therefore, interactions between astral microtubules and the cell
cortex, which may generate displacement of the spindle pole towards
the cell cortex, regulate spindle positioning in budding yeast. In the
next chapter, I introduce C. elegans embryos, which I used during my
thesis work to address the mechanisms of spindle positioning in the
light of the mechanistic framework just discussed in budding yeast.
3-The nematode Caenorhabditis elegans:
The early C. elegans embryo is an excellent system for dissecting
ACD in metazoan organism because in contrast to Drosophila NBs and
SOPs, the size of C. elegans one-cell stage embryos provides an
opportunity to conduct experiments aimed at elucidating biophysical
aspects of ACD mechanisms. In this chapter, I give some background
on the nematode C. elegans, covering its discovery, genome, and
development, before describing ACD.
3-1 The biological model:
3-1-1 Discovery and History:
Caenorhabditis elegans is a nematode first described by Maupas in
1900. The nematode family is divided in two groups: Adenophorea
(mostly aquatic species) and Secernentea (most terrestrial species) and
Maupas classified this species in the second group, more precisely in
the Rhabditidae. Initially referred to as Rhabditis elegans, the species
was renamed Caenorhabditis elegans by Osche in 1952. The name
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originates from the Greek and Latin: caeno (recent), rhabditis (rod)
and finally elegans (nice). In the middle of the last century, two mains
strains have been isolated, one from the French soil, called Bergerac by
Nigon in 1949 and a second one in England, called Bristol (in
reference to the place where it was discovered) by Staninland in 1959.
In 1965, Sydney Brenner decided to use Caenorhabditis elegans as
a model system to study animal development and behavior. He started
his studies with a N2 line isolated from a Bristol culture. This line is
now the wild type reference line used in most C. elegans laboratories.
3-1-2 General description:
Caenorhabditis elegans is a small animal of about 1 mm in length
(fig.7A). Found in many parts of the world, it lives in soil, feeding on
bacteria. C. elegans has a short life cycle as it can reproduce in 3-7
days depending on the temperature and the quantity of food. C. elegans
can be grown on agar plates or liquid culture on Escherichia coli as a
food source and is thus easily maintained in the laboratory.
There are two sexes in C. elegans: hermaphrodites and males.
Hermaphrodites can produce sperm and oocytes and reproduce by self-
fertilization, while the males can only fertilize hermaphrodites and
arise at low frequency (1/500). The hermaphrodite cannot fertilize each
other. A hermaphrodite that has not mated lays about 300 eggs and
1000 eggs when mated during its reproductive life span. After
embryogenesis, worms hatch and develop through four larval stages.
The mature adult is fertile for about 4 days and lives for an additional
10-15 days. The adult hermaphrodite has 959 somatic cells.
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The haploid genome is 1 x 108 nucleotide pairs, about fifteen times
that of the yeast Sacchromyces cerevisiae and ~3/4 that of the fruit fly
Drosophila melanogaster. It contains about 20 000 genes. Genes in C.
elegans are mapped onto six linkage groups (LGI-V and LGX)
corresponding to the six haploid chromosomes. The chromosomes are
holocentric. The haploid set includes five autosomes (A) and a sex
chromosome (X). Sex is determined by the X chromosome dosage.
Hermaphrodites are diploid for all six chromosomes (XX) whereas
males are diploid for the autosomes but have only one X chromosome
(XO). Males arise spontaneously in hermaphrodite populations by X-
chromosome nondisjunction at meiosis.
C. elegans is a suitable system for study of metazoan development
and behavior. First, the animals are transparent throughout the life
cycle and so the development can be followed at the cellular level on
live specimens. For this purpose, many scientists have used differential
interference contrast (DIC) microscope. The complete wild type cell
lineage from fertilized egg to adult was determined by observation of
cell divisions and cell migrations in live animals. Second, the genome
is now fully sequenced. Third, RNA interference (RNAi) has been used
in C. elegans to silence gene expression by introduction of double-
stranded RNA (dsRNA) specific to the targeted gene. Finally,
generation at large scale of mutants can be performed by chemical
mutagenesis or exposure to ionizing radiation.
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Figure 7: Adult Caenorhabditis elegans hermaphrodite:
(A-B) Lateral view of adult hermaphrodite under bright-field illumination (A) and
schematic representation (B). Scale bar=100 mm. From C. elegans II book (Sulston
and Horvitz, 1977).
3-1-3 Overview of embryogenesis and larval development:
Embryogenesis was initially described by Nigon (Nigon et al.,
1960). This event starts in the spermatheca (fig.7B). This structure has
two orifices: one distal, connected to the oviduct, and one proximal,
called the spermathecal valve in contact with the uterus. By a series of
contractions of the oviduct itself, the mature oocyte, blocked in meiosis
I, is pushed against the proximal end of the spermatheca, thus entering
into the spermatheca. In the spermatheca, the oocyte is in contact with
many sperm but only one can penetrate and fertilize the oocyte. After
fertilization, meiosis in the oocyte nucleus is completed and an
eggshell is formed. The eggshell protects the egg when it is laid from
the uterus and renders it impermeable to most components. Finally,
contractions of the spermatheca push the fertilized egg in the uterus
where it undergoes subsequent embryonic development. The embryo
undergoes a series of asymmetric divisions to produce five somatic
founder cells (AB, E, MS, C and D) and the primordial germ cell (P4)
by the 28-cell stage (fig.8). Indeed, the zygote P0 divides
asymmetrically giving rise to two blastomeres called AB and P1. At the
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second unequal cleavage, P1 gives rise to EMS and P2 cells. The EMS
cell generates MS and E progeny while P2 produces P3 and C
blastomeres. Finally, the P3 cleaves once to generate the P4 and D
blastomeres, the two last founder cells. The tissues and cell types that
derive from each of the founder cells have been reported (Sulston et al.,
1983) (see fig.8).
Figure 8: Cell lineage tree:
A series of unequal divisions of P cells gives rise to five somatic founder cells (AB,
MS, E, C and D) and the primordial germ cell (P4). The tissues generated by each
founder cell are indicated. From C. elegans II book (Sulston et al, 1983).
From the 28 to 300 cell-stages gastrulation occurs, which is initiated by
ingression of E cells followed by movement of P4 and MS cells. Cell
division and organogenesis continue during these movements until
about 350 minutes after the first asymmetric cleavage where cell
proliferation stops at about 550 cells and morphogenesis begin. The
embryo is transformed from a spheroid into a cylindrical shape of the
same volume and cell number. The animals elongates inside the
eggshell to hatch 14 hours after fertilization. This is the first larval
stage (L1). The young larvae undergoes a series of molts during its
larval development (L1-L4) to become a young adult.
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3-2 Polarity establishment in one-cell stage C. elegans embryos:
Early embryogenesis is characterized by establishment of
anterior/posterior polarity. Establishment of A/P axis occurs shortly
after fertilization, which takes place in the spermatheca. Before
fertilization, the mature oocyte presents no obvious polarity except the
position of oocyte nucleus at the distal side. When it passes through the
spermatheca, the mature oocyte is fertilized by a sperm, which enters
by the proximal side. A/P polarity is initiated by a sperm component
that confers the posterior character to the proximal side. The sperm
initiates completion of the meiosis I and II of oocyte pronucleus and
extrusion of polar body at the distal side, which is defined as the
anterior pole. After completion of the two meiotic divisions, the sperm
component initiates a rearrangement of actin cytoskeleton at the cortex
seen by cortical contractions moving away from the sperm component
(fig.9A, right panel). As the centrosome duplicates and microtubules
emanate from the sperm-derived centrosome, these cortical
contractions are amplified resulting in formation of a constriction, the
pseudocleavage furrow, at ~50% egg length (fig.9A, B). The oocyte
and sperm chromosomes decondense, the nuclear envelopes are formed
and both pronuclei undergo a single round of DNA replication. The
oocyte pronucleus migrates posteriorly to meet the sperm pronucleus
(fig.9B, C). The oocyte-sperm pronuclei then migrate to the center of
the egg, and rotate to align both centrosomes along the A/P axis; their
nuclear envelopes break down, the embryo enters into the first mitosis
(fig.9D). During metaphase, the spindle sets up in the center of the
embryo and along the A/P (fig.9E). During anaphase, the spindle
elongates, the anterior spindle pole being relatively immobile whereas
the posterior one moves towards the posterior pole (fig.9F and fig.21);
spindle elongation being accompanied by oscillations of the two
spindle poles along the tranversal axis with oscillations of the posterior
one being more pronounced (not shown). This results in an eccentric
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position of the spindle (fig.9F). Because the cleavage furrow bisects
the spindle perpendicularly in all animal cells (Rappaport, 1971), it
results an unequal cleavage, giving rise to a large anterior blastomere,
AB and a smaller posterior one, P1 (fig.9G).
A/P polarity results in a polarized distribution of maternal
contributed PAR proteins (see PAR proteins section, p.38-55), which
control the differential segregation of developmental factors including
P granules, a germline component. At the one-cell stage, after
fertilization, P granules are uniformly distributed throughout the
cytoplasm (fig.9A). During pronuclear migration, they start to move
towards the posterior pole (fig.9B) to become located at this location
from pronuclear meeting to anaphase-telophase (fig.9C-F). After the
first cleavage they are segregated in the P1 blastomere (fig.9G).
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Figure 9: Early embryonic development of C. elegans embryo:
Nomarski differential interference-contrast (DIC) images at successive stages
between fertilization and two-cell stage. (A) Appearance of the oocyte (o) and sperm
(s) pronuclei. (B) Pronuclear migration. (C) Pronuclear meeting. D) Centration and
rotation of the pronuclear-centrosome complex onto the A/P axis. (E) The spindle
sets up in the cell center and along the A/P axis. (F) Asymmetric spindle positioning
towards posterior pole during anaphase. (G) Two-cell embryo. 1- cortical flow
(arrows) which move away from the sperm along the cortex; 2- pseudocleavage
furrow; 3- cytoplasmic flow (arrows) which move towards the sperm pronucleus.
White arrowheads mark the position of centrosomes. In this and other figures,
A=anterior; P=posterior, anterior is left, straight green lines illustrate microtubules
emanating from centrosomes, black, brown and green circles represent DNA, P
granules and centrosomes respectively. Scale bar=10 mm.
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In this section, I present in greater detail the sequence of events
happening after fertilization including egg activation by the sperm
component, the cortical flows and the polarized distribution of PAR
proteins.
3-2-1 Sperm component:
A sperm component appears to be the initial cue of polarity
establishment. Goldstein and Hird (1996) have shown that, in embryos
where sperm entered on the same side as the oocyte nucleus, the
polarity was inverted: P granules were distributed at the same side of
oocyte pronuclei and not at the opposite one as it is in wild type
embryos, suggesting that the sperm entry site could be the initial cue.
However, the same authors also showed that, in animals exhibiting a
sperm entry site at the lateral side, the sperm component moves toward
the closest pole leading to segregation of P granules at that pole and
not at the lateral side where sperm entered. Therefore, these data
suggest that a sperm component and not the sperm entry site is the
initial cue of A/P polarity. Sperm is composed of DNA, centrosome
and cytoplasm. Which of these sperm components is involved in
polarity cues? Sadler et al (2000) have reported that the initial cue is
not provided by the sperm pronucleus. Mutations in gene called emb-
27 and emb-30 cause aberrant spermatocyte meiosis such that
anucleate sperm are produced. Despite the absence of the DNA, the
spermatids can still migrate to the spermatheca to mature into
spermatozoa; oocytes are then fertilized with these anucleate sperm
and exhibit normal development including cortical contractions and
correct localization of polarity markers, including P granules (fig.10B).
Astral microtubules have been thought to be the initial cue as spd-2 or
spd-5 or air-1 mutant embryos in which astral microtubule formation is
delayed, exhibit no cortical contractions and mislocalization of P
granules and PAR proteins suggesting a defect in A/P polarity
(O’Connell et al., 2000; Hamill et al., 2002; Schumacher et al., 1998;
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fig.10C). The anaphase promoting complex (APC), an E3 ubiquitin
ligase, also appears to be required for polarity establishment. A
hypomorphic allele of APC, which allows completion of meiosis,
exhibits defects in male pronucleus migration and maturation of astral
microtubules. However it is not clear whether defect in polarity
observed in APC mutant is a direct effect of APC on polarity or the
consequence of defects in meiotic cell cycle progression (Shakes et al.,
2003). Microtubules appear to be dispensable for establishing A/P
polarity in one-cell stage embryos as inactivation of tba-2 by RNAi
(one a-tubulin gene of C. elegans) leading to a severe depletion of
microtubules, results in normal distribution of polarity markers
including PAR-2, PAR-3 and P granules (Sonneville and Gönczy,
2004; fig.10D). This suggests that the initial cue is provided by the
centrosome.
Figure 10: Initial polarity cue is provided by a sperm component:
All embryos are shown at prophase during pronuclear migration (A) Wild type
embryo in which movement of P granules occurs. (B) Embryos fertilized with
anucleate sperm exhibit correct polarity establishment. (C) In spd-2 , spd-5  and air-1
mutant embryos, maturation of centrosome is affected; as a result, microtubule
nucleation is delayed; moreover spd-2  or spd-5  mutant embryos exhibit defects in
A/P polarity (D) In tba-2(RNAi) embryos lacking astral microtubules, polarity marker
are correctly distributed. For simplicity only the distribution of P granules is
represented.
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3-2-2 Cortical flows:
A/P polarity is thought to be established through the initiation of
cortical contractions. These contractions are mediated by
rearrangement of the actin cytoskeleton as inactivation of actin or
associated-actin components including POD-1, MLC-4, NMY-2 and
PFN-1 lead to defect in A/P polarity.
3-2-2-1 Actin cytoskeleton:
Actin microfilaments are required to establish of A/P polarity but
only at a critical time (from pronuclei migration to pronuclei meeting)
as embryos pulsed with cytochalasin D (a drug that disrupts actin
microfilaments) during this short time interval exhibit defects in A/P
polarity including defect in the distribution of PAR proteins, spindle
positioning and cytokinesis (Strome and Wood, 1983; Severson and
Bowerman, 2003).
3-2-2-2 POD-1:
pod-1 (polarity osmotic defective-1) has been identified as a new
partner of F-actin from oocyte extract (Rappleye et al., 1999). The
predicted protein encodes a protein with homology to the coronin like
family of F-actin-binding proteins (Rappleye et al., 1999). POD-1
distribution is cell cycle dependent as it is first detected at the anterior
cortex from pronuclear appearance to metaphase and thus expands
more towards the posterior pole to become uniformly distributed by
telophase. POD-1 is also distributed in the cytoplasm (Rappleye et al.,
1999). pod-1 mutant embryos exhibit many defects in polarity
establishment.
3-2-2-3 NMY-2, MLC-4 and PFN-1:
Three other components associated with the actin cytoskeleton have
been identified as required for A/P polarity establishment: MLC-4,
NMY-2 and PFN-1. MLC-4 is a regulatory myosin light chain whereas
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NMY-2 is a non-muscle myosin II, which has been identified as
physical partner of PAR-1, one of the PAR protein involved in A/P
polarity. PFN-1 or profilin is an actin-sequestering protein. Inactivation
of either nmy-2 or mlc-4 or pfn-1 by RNAi leads to defect in A/P
polarity, similar to those of Latrunculin A treated embryos, including
defects in the actin cytoskeleton, in cortical flow, disruption of PAR
proteins and P granules distribution. PAR-3 is not detected at the
cortex whereas PAR-2 is accumulating in a reduced cortical patch near
the sperm pronucleus in nmy-2(RNAi) and mlc-4(RNAi) embryos
(Shelton et al., 1999; Guo and Kemphues, 1996). This suggests that
nmy-2, mlc-4 and pfn-1 are involved in polarity establishment through
their function in microfilament assembly. Myosin and associated motor
proteins may provide the forces necessary for the cortical movements
that partition determinants in the one-cell embryo.
In summary, the sperm donated centrosome provides the initial cue
that breaks the initial symmetry of the embryo to mark the posterior.
Centrosomes enter in contact with the cortical microfilament (fig.9A).
As a consequence, NMY-2 and MLC-4 generate contractile activity
which pulls microfilament away from the sperm donated centrosome.
This promotes a contraction of the entire actin network toward the
opposite pole, which, in turn, promotes distribution of polarity markers
including PAR proteins.
3-2-3 PAR proteins:
A genetic screen for maternal-effect lethal mutations has identified
six par genes (for partition defective, par-1 to 6), components involved
in A/P polarity establishment (Kemphues et al., 1988). Major events of
the two first cell cycles are affected in embryos derived from
homozygote par mutant animals, including in cytoplasmic
reorganization, P granules distribution, spindle positioning, as well as
spindle orientation and cell cycle timing at the two-cell stage.
The nematode Caenorhabditis elegans
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3-2-3-1 Genes, proteins and distribution:
•PAR-1:
In one-cell stage embryos, par-1 mutants have a slightly asymmetric
position of spindle during anaphase (fig.11). In the two-cell stage, no
defect is observed except that AB and P1 divide fairly synchronously in
par-1 mutant embryos (Kemphues et al., 1988; fig.13). Finally, in one-
cell stage, P granules are uniformly distributed (fig.11) which results in
their distribution in both AB and P1 after the first division (Kemphues
et al., 1988). The predicted PAR-1 protein is a 132 kD putative Ser/Thr
kinase (fig.12), which is highly conserved among different organisms
including Drosophila and human (Guo and Kemphues, 1995). PAR-1
has similarities with human Kp78, mouse Emk, yeast Kin1, and in
mammals, MARKs in particular in its kinase domain. MARKs have
been identified as kinases phosphorylating microtubules-associated
proteins (MAPs) like MAP2 and MAP4. Phosphorylation of MAPs
disrupts their binding to microtubules, resulting in their
depolymerization (Ebneth et al., 1999). In C. elegans, some par-1
mutant alleles alter residues in the kinase domain, suggesting that
kinase activity is required for PAR-1 function (Guo and Kemphues,
1995). In the gonad, PAR-1 is present at the cell periphery of forming
oocytes. This peripheral staining becomes fainter when oocytes mature
to disappear in unfertilized mature oocytes.  In the embryo, PAR-1
starts to be detected at the time of pronuclear migration at the posterior
cortex (from 50% to 100% egg length; fig.13). As cell cycle
progresses, PAR-1 becomes more restricted to the posterior and is
segregated exclusively to the posterior pole of P1 and P2 blastomeres
(Guo and Kemphues, 1995, fig.13 and not shown).
•PAR-2:
In the one-cell stage embryos, par-2 mutants exhibit defects in
spindle positioning, which is symmetrically positioned (Kemphues et
al., 1988; fig.11). Because the cleavage furrow bisects the spindle, this
leads to an equal division, giving rise to two daughter cells with
Introduction
40
identical size (fig.11). In the two-cell stage, the AB and P1 spindles are
oriented perpendicularly to the A/P axis (no rotation of nuclear-
centrosome complex in P1, fig.11). In addition, the two blastomeres at
the two-cell stage divides synchronously (Kemphues et al., 1988;
fig.11). P granules are not completely segregated at the posterior pole
in one-cell stage par-2 mutant (Boyd et al., 1996; fig.11), however they
are correctly distributed in P1 in two cell-stage embryos (Boyd et al.,
1996). The predicted PAR-2 protein has a size of 70 kD and contains
two distinct domains: one zinc-binding domain at the amino-terminal
half and one ATP-binding site at the carboxy-terminus (Boyd et al.,
1996; fig.12). In the gonad, PAR-2 is located at periphery of synticial
germ cells (Boyd et al., 1996). This cortical staining disappears in
mature oocytes. In the embryo, PAR-2 is uniformly distributed at the
cortex before pronuclear formation, and is detected in the cytoplasm as
well (Boyd et al., 1996; Cuenca et al., 2003). At the time of pronucleus
formation, the first asymmetry becomes apparent: PAR-2 becomes
restricted to the posterior pole in a small patch near the sperm
pronucleus. At the time of pronuclear migration, the small cortical
region of PAR-2 expands towards the anterior, until if covers ~ 50-
100% egg length by the time of pseudocleavage (fig.13). At the two-
cell stage, PAR-2 is located at the posterior cortex of P1 (fig.13).
•PAR-3 and PAR-6:
One-cell stage par-3 and par-6 mutant embryos have defects in
spindle positioning resulting in an equal cleavage (fig.11). In the two-
cell stage, both AB and P1 spindles are oriented along the A/P axis
following an abnormal rotation of the nucleo-centrosome complex in
AB, and AB and P1 divide synchronously (Kemphues et al., 1988;
fig.11). P granules are located uniformly in one-cell stage par-3
mutants embryos (Kemphues et al., 1988; fig.11) leading to their
distribution in AB and P1 (Kemphues et al., 1988). The predicted 150
kD PAR-3 protein contains three PDZ domains (Etemad-Moghadam et
al., 1995; fig.12). Moreover the PDZ domain is known to be involved
in protein-protein interaction. The predicted PAR-6 protein (33kD)
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contains one PDZ domain (Hung and Kemphues, 1999; fig.12). PAR-3
and PAR-6 are conserved in other organisms including Drosophila and
mammals (Hung and Kemphues, 1999). In C. elegans embryo, PAR-3
and PAR-6 are uniformly distributed throughout the cell cortex
(fig.13). At the time of pronuclear appearance, PAR-3 and PAR-6
become distributed in a more restricted anterior domain that eventually
covers ~0-50% egg length (Etemad-Moghadam et al., 1995; fig.13).
After the first cleavage, both proteins are found throughout the cortex
of AB and at the anterior cortex of P1 (fig.13). The identical
distribution of PAR-3 and PAR-6 is explained by the formation of a
complex between PAR-3, PAR-6 and the atypical protein kinase called
PKC-3, which also is distributed like PAR-3 and PAR-6 (Tabuse et al.,
1998).
•PAR-4:
In the one-cell stage, par-4 mutant embryos exhibit a defect in
centration/rotation and in spindle positioning (not shown and fig.11).
No defect in AB and P1 spindle orientation is observed in the two-cell
stage and AB and P1 divide synchronously in par-4 mutant embryos
(Kemphues et al., 1988; Morton et al., 1992; Watts et al., 2000; fig.11).
The predicted PAR-4 protein (70 kD) contains an acidic region at the
amino-terminus followed by a Ser/Thr kinase domain (Watts et al.,
2000; fig.12). C. elegans PAR-4 is similar to human LKB1. Mutations
in LKB1 cause Peutz-Jeghers syndrome, a disorder with predisposition
to gastrointestinal polyposis and cancer (Hemminki et al., 1998). All of
the par-4 mutant alleles have mutations (either missense or nonsense)
in the kinase domain. Because these mutations are expected to abolish
kinase activity, it is likely that PAR-4 protein is required for A/P
polarity establishment via its kinase activity. In the one-cell stage
embryo, PAR-4 has been reported to be uniformly distributed
throughout the cortex in the one-cell stage (Watts et al., 2000; fig.13).
Thus, after the first cleavage, PAR-4 is uniformly distributed to both
blastomeres (Watts et al., 2000; fig.13).
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•PAR-5:
par-5 mutant embryos exhibit identical defects in one- and two-cell
stages to that of par-2 mutants (fig.11). PAR-5 is a predicted 27 kD 14-
3-3 protein (Morton et al., 2002; fig.12). 14-3-3 proteins are known to
interact with a variety of protein partners including kinases and
phosphatases mainly involved in signal transduction and transcription
(for review see Aitken et al., 2002). This interaction requires
phosphorylation of binding partners. Binding of 14-3-3 to its binding
partner may sequester its partner to its site of action. C. elegans PAR-5
provides a new function for members of 14-3-3 family in polarity
establishment. All the par-5 mutant alleles harbor point mutations in
residues highly conserved among 14-3-3 molecules. In the gonad,
PAR-5 is predominantly present around nuclei, as well as in the
cytoplasm and cell cortex (Morton et al., 2002). In the one-cell stage
embryo, PAR-5 is located throughout the cytoplasm whereas no
cortical distribution has been reported (fig.13). At the two-cell stage,
PAR-5 is distributed in both blastomeres (fig.13).
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Figure 11:Phenotypic summary of par mutant embryos:
For simplicity only defects in cytoplasmic flow (arrow), P granules distribution,
spindle positioning in one-cell stage, spindle orientation in AB and P1 and in
asynchrony are represented. Open triangle represents pseudocleavage. a synchrony
not true for all mutants alleles. See text for details.
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Figure 12: PAR proteins:
Molecular weight of each PAR proteins is indicated on the right. Shaded bars
represent domains.
Figure 13: Distribution of PAR proteins in wild type embryos:
Schematic representation of PAR-1 to 6 and PKC-3 distribution are shown by color
code in wild type embryos at pronuclear appearance, pronuclear meeting, anaphase and
two-cell stage.
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3-2-3-2 Hierarchy of PAR proteins:
•PAR-1:
PAR-1 distribution is affected in par-3, par-6 and par-2 mutants.
PAR-1 cortical distribution is no longer asymmetric in par-3 and par-6
mutants whereas it is no longer present at the cortex in par-2 mutant
(Guo and Kemphues, 1995; fig.14). PAR-1 distribution has not been
reported in par-4 and par-5 mutants. Conversely, the distribution of all
these PAR proteins is not affected in par-1 mutants (Boyd et al., 1996;
Etemad-Moghadam et al., 1995; fig.14). These observations suggest
that PAR-1 acts downstream of PAR-3/PAR-6 complex and of PAR-2.
In addition, P granules distribution is affected in par-1 mutant but they
are not missegregated in par-2 mutant whereas PAR-1 is mislocalized.
These results suggest that PAR-1 activity is required for P granule
localization but not for its asymmetrically localization. It could be that
PAR-1 is needed to be asymmetrically localized for its accumulation in
germ line blastomeres.
•PAR-2:
PAR-2 is mislocalized in par-3 and par-6 mutants, as it expands
towards the anterior to become uniformly distributed throughout the
cell cortex (Boyd et al., 1996; fig.14). This was confirmed by looking
at distribution of GFP-PAR-2 in par-6 mutant live embryos (Cuenca et
al., 2003). Conversely, PAR-3 and PAR-6 distribution is affected in
par-2 mutants, as they expand posteriorly to become uniformly
distributed; this was confirmed by analyzing GFP-PAR-6 distribution
in par-2 mutants live embryos (Boyd et al., 1996; Cuenca et al., 2003;
fig.14). These observations suggest that PAR-3/PAR-6 and PAR-2
distributions are mutually exclusive (Boyd et al., 1996; Cuenca et al.,
2003).
•PAR-3 and PAR-6:
In par-6 mutants, PAR-3 is not distributed at the cortex and,
conversely, PAR-6 is not present at the cortex in par-3 mutants (Hung
and Kemphues, 1999; fig.14). PAR-3 and PAR-6 are distributed
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throughout the cell cortex in par-2 and par-5 mutants (Hung and
Kemphues, 1999; fig.14). This suggests that PAR-6 is required for
recruitment and maintenance of PAR-3 at the cortex, PAR-3 for the
cortical distribution of PAR-6 whereas par-2 and par-5 are required for
PAR-3 and PAR-6 asymmetric distribution.
•PAR-4:
The nature of PAR-4 distribution in other par mutant embryos has
not been reported.
•PAR-5:
The nature of PAR-5 distribution in other par mutant embryos has
not been reported. However Morton et al (2002) have reported that the
distribution of PAR-1, PAR-2, PAR-3 and PAR-6 is affected in par-5
mutant embryos. The anterior protein group (PAR-3/PAR-6/PKC-3) is
no longer restricted to the anterior cortex whereas the posterior group
(PAR-1 and PAR-2) is itself expanded more anteriorly (fig.14). The
anterior and posterior protein group overlap while they are completely
exclusive of each other in wild type. This suggests that PAR-5 is
required to maintain the boundary between both groups at the cortex.
·PKC-3:
PKC-3, an atypical protein kinase C, is required for A/P polarity as
pkc-3 mutant embryos exhibit par-3 and par-6-like phenotype. In pkc-3
mutants, the cortical distribution of PAR-3 and PAR-6 is abolished
(Tabuse et al., 1998). In addition, PKC-3 colocalizes with PAR-3 and
PAR-6 and PKC-3 mediates establishment of cell polarity in C.
elegans through its physical interaction with PAR-3 (Tabuse et al.,
1998).
•CDC-42:
CDC-42, is a conserved small G protein, which is required to
organize the actin cytoskeleton in yeast and in cell polarity in
Drosophila and mammalian cell polarization (Johnson, 1999). CDC-42
has been characterized as a key component in A/P polarity
establishment in C. elegans (Gotta et al., 2000; Kay and Hunter, 2000).
Indeed, cdc-42(RNAi) embryos have defective PAR-3/PAR-6/PKC-3
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and PAR-2 localisation (fig.14). In fact, Gotta et al (2000) have shown
that CDC-42 may regulate the distribution of the anterior group by its
physical interaction with PAR-6. Therefore, CDC-42 function in
polarity specification is conserved in C. elegans.
It is not clear how the PAR proteins are attached to the cortex, but
their cortical distribution requires an intact actin cytoskeleton because
it is lost in Latrunculin A treated embryos (Severson and Bowerman,
2003). Moreover, in nmy-2 or mlc-4 (RNAi) embryos, PAR-3 is still
distributed to the cortex, but in a uniform manner whereas PAR-2 is
not detected at the cortex in such embryos. This leads to the proposal
that the anterior PAR complex may be associated with a cortical
microfilament network at the time where myosin contractile activity
promotes contraction of the network toward the anterior pole. This may
lead to distribution of PAR-2 at the posterior cortex, and, as a result, to
polarized distribution of the anterior complex.
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Figure 14: Distribution of PAR proteins in mutant embryos for other par genes
and for cdc-42:
Distribution of PAR-1 to 6 is shown using the same colors as in fig.15. Embryos are
shown at pronuclear meeting stage.
3-2-3-3 PAR proteins are evolutionarily conserved:
Interestingly, most of PAR proteins are conserved. In mammalian
epithelia, the orthologous complex of ASIP, PAR-6 and aPKC
localizes to tight junctions.  This complex is important for maintenance
of epithelial cell polarity. Overexpression of mutated forms of aPKC or
PAR-6 disrupts tight junctions whereas overexpression of ASIP
promotes tight junction formation (Izumi et al., 1998). In Drosophila,
homologues of PAR-3 (Bazooka), PAR-6 (DmPAR-6) and PKC-3
(DaPKC) regulate apical-basal polarity in epithelia and NBs (Wodarz
et al., 1999; Petronczki and Knoblich, 2001). In epithelia, Bazooka,
DmPAR-6 colocalized to apical cell cortex. Their distribution is
mutually dependent. DaPKC distribution has not been reported in
epithelia to date. Bazooka mutants, DmPAR-6 and DaPKC mutants
exhibit defects in epithelial apical-basal polarity suggesting that these
PAR-1
PAR-2
PAR-3
PAR-4
PAR-5
PAR-6
wild type par-1
 mutant
par-2 
mutant
par-3 
mutant
par-4 
mutant
par-5 
mutant
par-6
mutant
cdc-42
(RNAi)
The nematode Caenorhabditis elegans
49
proteins could function together as a complex to regulate this process
(Wodarz et al., 1999; Petronczki and Knoblich, 2001). In NBs,
Bazooka and DmPAR-6 are located at the apical cortex.
Mammalian PAR-1, EMK1, appears to have a function in cell
polarity. It has been previously reported that expression of a version of
EMK1 lacking the kinase domain disrupts cell adhesion and cell
polarity (Bohm et al., 1997). The same authors also reported that
EMK1 was located at to the lateral membrane domain by
immunostainings (Bohm et al., 1997). Cohen and coworkers (2004)
have recently shown also on fixed cells that EMK1 was concentrated at
the tight junction in contrast to the Bohm et al data (1997). The
different antibodies used to address the EMK1 distribution in both
studies could explain this difference in EMK1 distribution as both
antibodies were raised against different part of EMK1. Cohen et al
(2004) have reported that EMK1 play a role in polarity by controlling
microtubule assembly at the lateral cortex. In polarized epithelial cells,
mPAR-1 is localized to the lateral membrane (Cohen et al., 2004). In
Drosophila, DmPAR-1 is required for polarization of the A/P axis of
the oocyte. In wild type oocytes, A/P polarity is established by
polarization of the microtubule network, with minus ends at the
anterior pole and the plus ends at the posterior pole. This polarized
microtubule network controls distribution of bicoid mRNA
(component specifying the head and the tail) at the anterior and oskar
mRNA (component specifying the polar granules which contains
germline determinants) at the posterior. DmPAR-1 appears to regulate
polarization of the oocyte by controlling microtubule organization, as
par-1 mutant exhibit defect in polarization of the microtubule network
leading to a mislocalization of oskar mRNA (Shulman et al., 2000). In
contrast with MARKs in mammals, DmPAR-1 appears to promote
microtubule stability, which seems to not be mediated by
phosphorylation of MAPs by PAR-1. Indeed, in follicular epithelial
cells, in par-1 mutant, microtubules are more sensitive to cold
treatment (Doerflinger et al., 2003). In addition, the same authors
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showed that Drosophila Tau associates with microtubules and is a
substrate for DmPAR-1. However, follicle cells lacking Drosophila
Tau exhibit no defect in microtubule organization suggesting that
although Tau is a substrate for DmPAR-1, microtubule stabilization
mediated by DmPAR-1 is not through Drosophila Tau (Doerflinger et
al., 2003). In epithelial cell, DmPAR-1 plays a role in cell polarity. Its
function is mediated by the 14-3-3 Drosophila homologue, DmPAR-5
(Benton et al., 2002).
No clear homologues of PAR-2 have been found in other organisms.
Homologues of PAR-4 exist in Drosophila, Xenopus, mouse and
human. In humans, the PAR-4 homologue LKB1 has been proposed to
regulate apoptosis, cell cycle or angiogenesis. In Drosophila,
DmLKB1 appears to be required for A/P polarity in oocytes as lkb1
mutants disrupt bicoid and oskar mRNA localization (at the anterior
and posterior pole respectively) and have defective in polarization of
the microtubule network (minus end of microtubules at the cell center
whereas it is directed toward the anterior pole in wild type), defects
also observed in par-1 mutants. DmLKB1 appears to be as substrate of
DmPAR-1 as DmPAR-1 phosphorylates DmLKB1 in vitro and as
overexpression of DmLKB-1 rescues the par-1 mutant phenotype
(Martin and St Johnston, 2003).
 DmPAR-5 is an essential mediator of DmPAR-1 function in axis
formation. Indeed, DmPAR-1 phosphorylates Bazooka to generate 14-
3-3 binding sites (Benton and St Johnston, 2003). Bazooka interacts
physically with PAR-5, leading to inhibition of assembly of the
Bazooka/DmPAR-6/DaPKC ternary complex, resulting in restriction of
this complex to the apical region and thus in establishment of
complementary cortical domains in polarized cells.
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3-2-3-4 PAR proteins control the segregation of cell
determinants:
In C. elegans, several proteins act downstream of the PARs,
including MEX-5/MEX-6 and SPN-4 to regulate the distribution of
fate determinants.
mex-5 and mex-6 have also been identified in a maternal screen for
mutant with excess of muscle cells. MEX-5 is a CCCH-type zinc-
finger containing domain protein. MEX-5 is a cytoplasmic protein
localized at the anterior pole of the one-cell stage. After the first
division, MEX-5 is restricted to the anterior blastomere AB (fig.15).
Then MEX-5 becomes inherited by anterior descendants blastomeres
until the four-cell stage where MEX-5 starts to be not detectable
(fig.15). MEX-5 distribution is par dependant (Schubert et al, 2000).
For instance, in par-1 mutant embryos, MEX-5 is distributed in all
blastomeres. MEX-5 function is to inhibit the anterior expression of
germline protein such as PIE-1. MEX-6 is 70% identical with MEX-5
at the amino-acid level (Schubert et al., 2000). mex-6 is a nonessential
gene but its inactivation simultaneously with mex-5 gene increases the
mex-5 mutant phenotype.
SPN-4 belongs to a subfamily of RRM (RNA recognition motif)
proteins (Gomes et al., 2001). Two functions for SPN-4 have been
reported. First, SPN-4 is involved in P1, where it controls rotation of
the nucleo-centrosome complex. SPN-4 has been proposed to act
downstream of PAR proteins to control orientation of the P1 spindle as
par-3;spn-4 double mutants resemble par-3 mutants and as PAR-2
distribution is not affected in spn-4 mutants. Second, SPN-4 is required
in developmental processes such as specification of pharyngeal cells as
SPN-4 control the distribution of cell determinants including SKN-1.
The distribution of SPN-4 has not been reported to date. Because SPN-
4 is an RRM protein, it could be that SPN-4 acts by regulating the
expression of RNA required for determination of cell fate and spindle
positioning.
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Figure 15: Distribution of GLP-1, SKN-1, PIE-1 and MEX-5 in two and four-cell
stage wild-type embryos.
For simplicity SKN-1 is represented only in P1,  P2 and EMS nuclei. See text for
details. In C. elegans, the PAR proteins are required for the asymmetric distribution
of cell fate determinants to P1 and AB descendants.  These cell determinants can be
classified in three groups according to their distribution: the anterior group (GLP-1),
posterior group (SKN-1) and the germline group (PIE-1).
•The anterior group:
Cell fate determinants belonging to this group are only expressed in
AB descendants. One of them is GLP-1, a transmembrane receptor
related to Drosophila Notch. GLP-1 is involved in the development of
anterior cell fates. glp-1 mRNA is expressed in all blastomeres until the
eight-cell stage. GLP-1 protein distribution has a different pattern.
GLP-1 is first detected at low levels at the two-cell stage strictly in the
AB blastomere (Evans et al., 1994; fig.15). GLP-1 is present at high
levels in AB descendants from the four- through the 28-cell stage
(fig.15 and not shown). The difference between mRNA and protein
localizations indicates that glp-1 mRNA translation is temporally and
spatially regulated. This regulation occurs via elements contained in
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PIE-1
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the glp-1 3’UTR. In addition, Crittenden et al (1997) have shown that
GLP-1 distribution is controlled by PAR-1 and PAR-4.
•The posterior group:
Cell determinants belonging to this group, including SKN-1, are
characterized as being enriched in P1 blastomere descendants.
SKN-1 is a transcription factor required to specify EMS cells to
produce pharyngeal cells (Bowerman et al., 1992). In the one-cell
stage, SKN-1 is detected in oocyte and male pronuclei with a signal
stronger in the male pronucleus. In the two-and four-cell stage, SKN-1
is present at a higher level in the P1 and P2 nucleus respectively
(Bowerman et al., 1993; fig.15).
•The germ line precursors:
After each division, the posterior blastomere gives rise to two
daughter blastomeres, one producing the somatic cell type and one
forming a germline precursor. This third group includes all proteins
exclusively expressed in germline blastomeres. PIE-1 is a key
component of germline development, which is predicted to harbor two
finger motifs. In the one-cell stage, PIE-1 is detected at low level to the
posterior pole. In addition, in the two- and four-cell stage, PIE-1 is
distributed exclusively in the P1 and P2 nuclei respectively (Tenenhaus
et al., 1998; fig.15). Interestingly, SKN-1 is located in EMS and P2
(germ line fate) whereas PIE-1 is exclusively in P2, suggesting that
PIE-1 repress SKN-1 activity in germline blastomere descendants as
skn-1 mutants only affect EMS descendants (Mello et al., 1992).
 In summary the polarity of C. elegans embryos is established in
response to an initial cue provided by the sperm aster/centrosome
leading to a polarized distribution of cortical (for instance the PARs)
and cytoplasmic (for instance MEX-5/MEX-6) proteins. Cuenca et al
(2003) have reported the dynamic localization of some PAR (PAR-2
and PAR-6) proteins and MEX-5/MEX-6 as well as PIE-1. From their
observations, they propose a model where polarization occurs in two
phases: an “establishment” phase before pronuclear meeting, and a
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“maintenance” phase thereafter. In the “establishment” phase, the
sperm aster polarizes the zygote by defining the posterior (Sadler and
Shakes, 2000; O’Connell et al., 2000; Wallenfang and Seydoux, 2000).
The sperm aster then induces reorganization of the actin cytoskeleton,
which leads to delocalization of PAR-3/PAR-6/PKC-3 from the
posterior cortex to become restricted at the anterior one (Shelton et al.,
1999; Cuenca et al., 2003; fig.16). This polarization allows PAR-2 to
accumulate at the posterior cortex (fig.16). In addition, Cuenca et al
(2003) have found that PAR-5 is also required for the “establishment”
phase. The “maintenance” phase requires PAR-2 function. In par-2
mutant, the anterior complex is correctly restricted at the anterior
cortex until pronuclear meeting, whereas it becomes symmetrically
located after pronuclear meeting. PAR-3 controls the asymmetric
distribution of PAR-1, which itself control the asymmetric distribution
of cytoplasmic proteins such as MEX-5/MEX-6 and PIE-1 (fig.16).
Indeed, PAR-1 inhibits MEX-5/MEX-6 distribution at the posterior
pole. At the anterior pole, MEX-5 and MEX-6 act to exclude PIE-1
(fig.16). The second set of asymmetries then controls the distribution
of developmental regulators, which specify cell fate.
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Figure 16: Hierarchy of PAR proteins:
Signaling between the centrosome and actin cytoskeleton displaces PAR-3/PAR-
6/PKC-3 complex from the posterior cortex (1). The restriction of PAR-3/PAR-
6/PKC-3 complex to the anterior cortex allows PAR-2 to be distributed exclusively at
the posterior cortex (2). PAR-2, in turn, prevents PAR-3/PAR-6/PKC-3 to expand to
the posterior cortex (3). PAR-2 also represses the distribution of PAR-1 at the
anterior cortex (4), which in turn, prevents distribution of MEX-5/6 at the posterior
pole  (5). Finally MEX-5/6 restrict PIE-1 to the posterior (6). Lines with bars depict
repression. Adapted from Cuenca et al (2003).
3-3 Asymmetric cell division in one-cell stage C. elegans
embryos:
The one-cell stage C. elegans embryo undergoes an asymmetric cell
division characterized by an unequal cleavage. This asymmetric
division is accompanied by two major events: first, positioning of male
and female pronuclei in the center of the embryo, which results from
centration/rotation of both pronuclei (fig.9D); second, the asymmetric
positioning of the mitotic spindle during anaphase (fig.9F). Whereas
this asymmetric spindle position occurs in response to par-dependent
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cues, little was known at the onset of this thesis work about how these
polarity cues are translated into asymmetric spindle positioning.
In this chapter, I describe in more detail each event leading to the
asymmetric division of one-cell stage C. elegans and summarize recent
studies addressing the molecular mechanisms.
3-3-1 Centration/rotation:
After fertilization, the centrosome duplicates and the two resulting
centrosomes migrate apart from one another on the surface of the male
pronucleus until they are diametrically opposed. The associated astral
microtubules grow in size. At the same time, the female pronucleus
migrates toward the male pronucleus to meet in the posterior half of the
embryo (fig.9C). The two sperm asters become located between the
two pronuclei, aligned along the transversal axis, perpendicular to the
A/P axis. The pronuclear-sperm asters complex then moves to the cell
center while undergoing a 90° rotation. As a result, the two asters are
aligned along the A/P axis and in the cell center (fig.9D).
Pronuclear migration and centration/rotation require intact
cytoplasmic microtubules (Hird and White, 1993), as well as the
minus-end directed microtubule motor dynein (Gönczy et al., 1999).
Centration/rotation are thought to be generated through attachment of
astral microtubules to the cell cortex. Indeed, centration/rotation fail to
occur in embryos with microtubules partially destabilized by agents
such as nocodazole (Strome and Wood, 1983). Dynein is located
throughout the cell cortex and a partial depletion of dynein or dynactin
leads to a normal pronuclear migration but to failure of centration and
rotation of pronuclei, leaving the pronuclear/centrosome complex in
the posterior (Gönczy et al., 1999). Therefore centration and rotation
may occur because of generation of cortical forces on astral
microtubules.
Studies on a protein called LET-99 may explain how these cortical
forces control centration-rotation event in one-cell stage embryos
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(Tsou et al., 2002). let-99 mutant embryos fail to centrate and exhibit
back and forth oscillations of the nuclear-centrosome complex. Tsou et
al (2002) found that this excessive nuclear rocking is dynein
dependent. The authors conclude that LET-99 negatively regulates
hyperactive nuclear rocking mediated by dynein.
Furthermore, asymmetric distribution of LET-99 could explain how
this protein negatively regulates forces in a spatially restricted manner.
Indeed, Tsou et al (2002) have reported that in one-cell stage embryos
LET-99 is distributed in the cytoplasm and at the cortex. Interestingly,
LET-99 is asymmetrically enriched in a cortical band slightly posterior
at the time of pronuclear meeting. This posterior band is then displaced
more centrally during anaphase. After cytokinesis, LET-99 is again
enriched in a posterior band in the P1 blastomere at the time of rotation
of the nucleo-centrosomal complex. Tsou at al (2002) also demonstrate
that LET-99 distribution is par dependent. In par-3 mutant embryos,
LET-99 is distributed throughout the cortex until metaphase and
becomes enriched in a centrally positioned band during anaphase. In
par-2 mutants, LET-99 distribution is restricted to a small crescent at
the posterior cortex of one-cell stage embryos. Moreover PAR-2 and
PAR-3 distributions are not affected in let-99 mutants embryos and let-
99;par-3 mutant embryos have a phenotype indistinguishable of the
par-3 mutants embryos. Taken together, these data suggest that LET-
99 acts downstream of the PAR proteins, in particular downstream of
PAR-3.
Tsou et al (2002) propose a model where the net force exerted on
astral microtubules is lowest in regions enriched for LET-99. After
pronuclear meeting, both centrosomes are aligned transversely to the
A/P axis. When one centrosome starts to rotate towards the anterior,
there will be less astral microtubules within the LET-99 band, and thus
a net anterior force is created outside the LET-99 band. The same is
true for the other centrosome, which initiate rotation towards the
posterior, more astral microtubules being outside the LET-99 band.
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These coupled processes result in the generation of a rotational torque
promoting alignment of the two centrosomes along the A/P axis.
LET-99 contains a DEP domain (for Dishevelled, Egl-10,
Pleckstrin), a motif implicated in recruitment to the cell periphery and
found in components of G protein signaling pathways (Axelrod et al.,
1998; Wong et al., 2000). Interestingly, the b  and g subunits of
heterotrimeric G protein are also involved in nuclear positioning.
Indeed, inactivation by RNAi of either Gb  or Gg leads to a similar
phenotype to that of let-99 mutant embryos: hyperactive nuclear
rocking during pronuclear migration (Tsou et al., 2003b). This
phenotype could be due to either loss of Gb  function or to excess Ga
activity, resulting from release of Ga from GbGg. To distinguish
between the two possibilities, Tsou et al (2003b) have done
simultaneous depletion of Ga and Gb  as Ga and Gb  have two distinct
phenotypes. The phenotype of Ga;Gb(RNAi) is indistinguishable from
that of Ga(RNAi) embryos, leading to the conclusion that the
hyperactive movement of nuclei in Gb(RNAi) embryos is due to excess
activity of Ga and not to a loss of Gb  function.
In addition, the same authors have shown that in absence of the
eggshell, which creates geometric constraint, the centration/rotation
still occurs in wild type one-cell stage embryos. In par-2 and par-3
mutant embryos with no eggshell, the centration/rotation was affected
suggesting that this process is a PAR dependent process (Tsou et al.,
2003a). The spherical Ga(RNAi) embryos exhibit defects in
centration/rotation suggesting that Ga plays a role in
centration/rotation when the geometric constraint is removed (Tsou et
al., 2003a). However, this was based on low number of embryos.
3-3-2 Spindle positioning:
3-3-2-1 Spindle positioning in P0:
The nematode Caenorhabditis elegans
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After centration/rotation in P0, the spindle sets up in the middle of
the embryo and along the A/P axis. During anaphase, the spindle
elongates asymmetrically, as the posterior spindle pole moves toward
the posterior pole whereas the anterior spindle remain in a relatively
fixed position. During this process, both spindle poles oscillate
transversally, the rocking of the posterior pole being more pronounced
than that of the anterior one. By severing the spindle midzone at early
anaphase, Grill and coworkers (2001) have shown that asymmetric
spindle elongation is due to generation of unbalanced net pulling forces
acting on the two spindle poles, with a larger net pulling force acting
on the posterior spindle pole (fig.17A). In addition, the same authors
also demonstrated that the generation of unbalanced pulling forces is
under the control of A/P polarity cues. In par-2 and par-3 mutants
embryos, equal pulling forces are exerted on both spindle poles, with
the extent of pulling forces being different in the two mutants. In par-2
mutant embryos, PAR-3 expands to the posterior cortex such that both
poles have an anterior-like character. Spindle severing experiments
revealed that both spindle poles are pulled by smaller net forces, in
par-2 mutant embryos, the same as the one applied at the anterior
spindle pole in wild type. Conversely, in par-3 mutant embryos, PAR-
2 expands anteriorly, such that both poles have a posterior-like
character. Spindle severing experiments revealed that both spindle
poles are pulled by larger net forces in par-3 mutant embryos, the same
as the one applied at the posterior spindle pole in wild type (Grill et al.,
2001). An additional study reported that PAR-2 and PAR-3 influence
microtubule dynamics at the cell cortex (Labbe et al., 2003). These
authors determined the residence time of microtubules at the cell
cortex. In wild type, they observed that the residence time of
microtubules is shorter at the posterior cortex than at the anterior one.
In both par-2(RNAi) and par-3(RNAi) embryos, the residence time is
equal on both spindle poles, the residence time of microtubules is
longer in par-2(RNAi) than in par-3(RNAi) embryos. In par-2(RNAi)
embryos, residence time is similar to that observed at anterior cortex in
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wild type. In par-3(RNAi) embryos, the residence time is similar to that
observed at posterior cortex in wild type. This suggests that PAR-2 and
PAR-3 may be required for microtubule dynamics at the cortex. It has
been proposed that PAR-2 and PAR-3 have opposite effect on
microtubule dynamics reminiscent of the data of Grill et al (2001).
However, differences between par-2(RNAi) and par-3(RNAi) were
smaller than the Grill and coworkers data (2001) and it is not clear
what this measure really reflects microtubule dynamics as the authors
did not look at the behavior of the plus end of microtubules directly.
Finally, Grill et al (2003) also demonstrated that pulling forces are
controlled by the distribution of force generators at the cortex. The
authors investigated the cortical force generators by measuring the
velocity of anterior or posterior centrosomal fragments coming from
the disintegration of centrosomes by a laser (fig.17B). They observed
that velocities of astral fragments of the posterior centrosome are faster
than those of astral fragments of the anterior centrosome. Together
with spindle severing analysis, these observations suggest that a larger
number of active cortical force generators (~50%) are present at the
posterior cortex (Grill et al., 2003). Their study suggests that such
asymmetric distribution of force generators controls the generation of
unbalanced forces acting on the spindle poles and thus asymmetric
spindle positioning during anaphase (fig.17B).
The nematode Caenorhabditis elegans
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Figure 17: Principle of spindle severing and optically induced centrosome
disintegration (OICD) experiments:
(A) Spindle midzone is severed by the UV laser during onset of anaphase in P0. (B)
Anterior or posterior aster is fragmented by a laser. In each case, position of anterior
and posterior aster or asters fragments is tracked to measure their peak velocities.
Brown squares illustrate location severed by UV laser.
3-3-2-2 Downstream of the PAR: mediators of spindle positioning:
A set of components has been identified as being required for proper
spindle positioning in one-cell stage embryos. One is the LET-99.
However, the spindle still moves toward the posterior pole in the
absence of LET-99. Thus, LET-99 appears to make only a partial
contribution to P0 spindle positioning. A second component is the
coiled-coil protein LIN-5. Depletion of LIN-5 leads to a centrally
positioned P0 spindle and an equal first division (Lorson et al., 2000
and Srinivisan et al., 2003). LIN-5 is distributed at the centrosome, in a
microtubule dependent manner and at the spindle midzone. LIN-5 is
weakly detected at the cortex in P0 and becomes more enriched after
cytokinesis when it is detected at the cell boundary between the AB
and P1 blastomeres. LIN-5 does not control distribution of PAR
proteins, including PAR-2 and PAR-3 suggesting that LIN-5 likely acts
downstream of PAR-2 and PAR-3 or in a parallel pathway (Srinivasan
et al., 2003). A third pair of components is two alpha subunits of
heterotrimeric G proteins: GOA-1 and GPA-16. Gotta and Ahringer
(2001) reported that inactivation of either goa-1 or gpa-16 does not
A B
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result in a symmetric first division whereas their simultaneous
inactivation results in a lack of asymmetric spindle positioning and
consequently, in an equal first cleavage. Distribution of polarity
markers, including PAR-2, PAR-3 and P granules, is not affected in
goa-1;gpa-16(RNAi) embryos suggesting that GOA-1 and GPA-16
may act downstream or in a parallel pathway to PAR proteins to
control the asymmetric spindle positioning. GOA-1 distribution has
been reported at the four-cell stage to be located in the cytoplasm, at
the centrosomes and at the cortex (Miller and Rand, 2000; Gotta and
Ahringer, 2001). GOA-1 distribution in the one- and two-cell stage
embryos and GPA-16 distribution have not been reported. Finally,
Gönczy et al (2000) have identified two new components, GPR-1/2,
which may also play a role in mitotic spindle positioning.
The main topic of my thesis subject was to address how these
components, in particular GPR-1/2, may translate polarity cues into
asymmetric spindle positioning.
63
Results:
Gönczy et al (2000) have performed a functional genomic RNA
interference (RNAi) based screen on chromosome III of C. elegans
to identify genes required for proper cell division. For this
purpose, they tested 2232 predicted open reading frames (ORFs),
which represent the large majority of genes (approximately 94% at
the time) on this chromosome. They found that 133 genes have a
phenotype detectable by DIC microscopy, 139 genes are involved
either in late embryonic or in subsequent development and finally
9 genes are involved in fertility of the animals. Genes belonging to
the first category were classified into six principal groups
according to their RNAi embryonic phenotype (meiotic division,
nuclear appearance, cell division processes, pace of development,
embryo appearance and morphology). Among genes required for
cell division processes, four genes have been identified as being
required for spindle positioning in the zygote P0. Two of these
genes (par-2 and par-3) have been previously characterized
whereas the function of the two remaining genes, gpr-1 and gpr-2,
had not been analyzed previously.
The main topic of my thesis project was to unravel the
contribution of gpr-1 and gpr-2 in spindle positioning and
asymmetric cell division. I addressed the following issues: (1)
description of gpr-1/2(RNAi) phenotype, (2) GPR-1/2 distribution,
(3) activity of GPR-1/2.
1-Phenotypic analysis of gpr-1/2(RNAi) embryos:
Inactivation of gpr-1 and of gpr-2 by RNAi gave the same
embryonic phenotype. Therefore in this chapter, I focus on three
different aspects: first, presentation of the sequence of both genes;
second, analysis in more detailed analysis of gpr-1/2(RNAi)
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phenotype; and, finally, attempts to discriminate between gpr-1
and gpr-2.
1-1 gpr-1 and gpr-2 genes:
gpr-1 and gpr-2 are 97% identical at the nucleotide level (coding
sequence). Therefore, they are likely both silenced when either gene is
targeted by RNAi. Moreover, examination of the genome sequence and
sequencing of full-length cDNAs revealed that gpr-1 and gpr-2 are
both expressed and that they result from a recent gene duplication
event. We found a single gpr homolog in the available C. briggsae
genome (CBG10100), whose inactivation caused a phenotype
indistinguishable from that observed in C. elegans. gpr-1 and gpr-2
encode the same 525 amino-acids protein referred to as GPR-1/2.
GPR-1/2 harbors at least two tetratricopeptide repeats (TPR) (and
perhaps up to six (Gotta et al., 2003)) and a single GoLoco motif in the
carboxy-terminal part (fig.18B). These repeats and motif show
similarities to motifs found in the related C. briggsae GPR, Drosophila
Pins, rat AGS-3 and human LGN (fig.18C).
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Figure 18: gene and protein structure of GPR-1/2:
(A) gpr-1 gene. Blue boxes represent exons. Regions chosen to design dsRNA
against gpr-1 are underlined. (B) Blue are TPR, full and dashed boxes represent
certain and uncertain TPR respectively, and red boxe represent GoLoco motif.
Molecular weight of GPR-1/2 is indicated on the right. Regions to which GPR-1/2
antibodies were raised are underlined. (C) Amino acid alignment of GPR-1, GPR-2,
C. briggsae GPR, rat AGS-3, Drosophila Pins and human LGN. Ce, C. elegans; Cb,
C. briggsae. Gray and black backgrounds represent similar and identical residues,
respectively.
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58 kDGPR-1/2
Ce _GPR- 1     1  --- ----- ----- ----- MD VSYY D---- GP KD E------ -VAE AMLK SAVT AMRLG QY EDG KGRL EEI MEF GTS NFQ LL
Ce _GPR- 2     1  --- ----- ----- ----- MD VSYY D---- GP KD E------ -VIE AMLK SAVT AMKL GQYE DGK GRL EDT MEF GTS NFQL L
Cb _GPR      1  --- ----- ----- ----- MD ISV SSR EEEGP RD E------ -IIN SMLN SARS AMKL GMFE EAM GRL EEI LEC GTT DIQL L
AG S-3       1  --- ----- ----- ------ ----- ----- -MEAS ----- ---CL ELA LEG ERLC KA GDF KAG VAFF EAAV QVGT EDL KTL
PI NS        1  MSS LSASA ENVSS LGLGSG GGGT T SHDG NSQQG SGSDG GSSM CLEL ALE GER LCK AGD CRAG VAFF QAA IQA GTE DLRT L
LG N         1 --- ----- ----- ----- MRE DHS FHVR YRMEA S---- ---- CLEL ALE GER LCK SGD CRAG VSF FEAAV QVGT EDL KTL
Ce _GPR- 1    5 2  GT IYMY YGRV CRH LNH DAK ALEF FEH ELN MFKL IFN YPEA CDS TRR IVEQ ALK MGKF PKAR RFA EDL IDY TSNK KNGE KY
Ce _GPR- 2    5 2  GT IYMY YGRV CRH LNH DAK ALEF FEH ELN MFKL IFN YPEA CDS TRR IVQQA LK MEKF SKA RRFA EDL IDY TSN KKN GEKY
Cb _GPR     5 6  GR IYMY YGRV LRYL KH ETKA LEF FEH ELN VLKL TF IYPKA CD SSRR IVE LALS MGKIS KAK RCA EDL IDY TSNR KEGE TF
AG S-3      4 3  SAI YSQ LGNA YFYL KE YAR ALQ FHK HDL LLAR TIG DRM GEA KASGN LG NTLK VL GRFD EA IVC CQRH LD IAQEQG DKV GE
PI NS       8 1  SAI YSQ LGNA YFYL GD YNKA MQ YHKH DLT LAKS MND RLG EAKSS GN LGNT LKVM GRFD EA AIC CERH LTL ARQ LGD RLSE
LG N        5 5  SAI YSQ LGNA YFYL HD YAKALE Y HHH DLT LAR TIG DQLG EAK ASGN LGNT LK VLG NFD EAIV CC QRH LDI SREL NDKV GE
Ce _GPR- 1   13 2  IGQ ARI LFA SVCLE G-- ----C ER DVES NQ DEK KKLL SI CAE QIAAVKL F NENN TEG AVSE TKI MLLEA KCLS LD EKY EE
Ce _GPR- 2   13 2  IGQ ARI LFA SVCLE G-- ----C ER DVES NQ DEK KKLL SI CAE QIAAVKL F NENN TEG AVSE TKI MLIEA KCLS LD EKY EE
Cb _GPR    13 6  VR IART LLV TVCLE G-- ----Y ER KL EGNP EE NKR LLTI SAE QISKIKQ INE EHP D-N ISKVE ILM LEA KCLA LQ EKQR E
AG S-3     12 3  ARA LY NIGN VYH AKGK QLSWNAA QDPG HLPP DVR ETL HRA SEFY ERN LSL VKE LGDRAA QGR AY GNLGN THY LLG-N FT E
PI NS      16 1  GRA LY NLGNV YH AKGK HLGQ--- RNPG KFG DDVK EA LTR AVE FYQE NLKL MRD LGDR GAQ GRAC GNLGN TYY LLG -DFQA
LG N       13 5  ARA LY NLGNV YH AKGK SFGCPGP QDVGE FPE EVR DAL QAA VDFY EEN LSL VTALG DRAA QGR AFGN LGN THYLL G-N FRD
Ce _GPR- 1   20 6  SR RKY QEC IDF AIKT DQFE AVH IAY YDK A-LY AE TDLLF FI IRD LRSA LFY ATK FGKE RDV VKY KSKL SEEMLRN GEFHE
Ce _GPR- 2   20 6  SR RKY QEC IDF AIKT DQFE AVH IAY YDK A-LY AE TYLLF FI IRD LRSA LFY ATK FGKE RDV VKY KSKL SEEMLRN GEFHE
Cb _GPR    20 9  SH QTYQ DCI DLC IKT DQLA NVH RAYYE MA -LY AEGN MLI FIV NNLR SASY YVS KYG TTR EVA KYKR ELAD KL LAFG NPHE
AG S-3     20 2  ATT FHK ERL AIA KEFGD KAA ER RAYS NLG NAH IFLG RFD VAAE HYK KTLQL SRQ IRD QAV EAQA CYS LGNTY TLL QDY ER
PI NS      23 7  AIE HH QER LRIA RE FGDR AAER RA NSNL GNSH IFLG QF EDA AEHY KRT LAL AVE LGERE VE AQS CYSLGNTY TLL HEF NT
LG N       21 4  AVI AHEQ RL LIA KEFGD KAA ER RAYS NLG NAY IFLG EFE TAS EYYK KTL LLA RQLK DRA VEA QSCYS LGNTY T LLQ DYEK
Ce _GPR- 1   28 5  AY LYG LEA LVSI RKLG LN EYIG DV LLTI AKCL IAL GKRR QAAYF II LGSVL T-- ----- ----- -INQNS FKLF YE QIDV
Ce _GPR- 2   28 5  AY LYG LEA LVSI RKLG LN EHIG DV LLTI AKCL IAL GKRR QAAYF II LGSVL T-- ----- ----- -INQS SFK LFYE QID V
Cb _GPR    28 8  AY CNAM EAL ELIR QQN LNE YLKDTLL LVAKC LA ALGR RQQ SAY FIVL GSVL T-- ----- ----- -I KQDC FEK FYK LID E
AG S-3     28 2  AA EYH LRHLV IAQ ELA DRVGE GRA CWSL GNA YVS MGSP AQALT FAK KHLQ IS QEI GDRN GE LTA RMNI AHLQ LAL GRLT S
PI NS      31 7  AI EYH NRHL AIAQ EL GDRIGE AR ACW SLG NAHS AIG GHER ALK YAE QHLQ LAK ELH DPV GES TARV NIS DLR KLLG MPDS
LG N       29 4  AI DYH LKHL AIAQ EL NDRI GEGR ACW SLG NAYT ALGN HDQA MH FAE KHLE ISR EVGD KSGE LTA RLN LSDL QMVL GL SYS
Ce _GPR- 1   35 2  AMN Q- ----- ----- ----- ---- ERSE TAT DQD VCLA ID SSPD PT SSNDM IN KFVV ELE HATN VETW EMI VNGII DDQ K
Ce _GPR- 2   35 2  AMN Q- ----- ----- ----- ---- ERSE TAT DQD ACLA ID SSPD PT SSNDM IN KFVV KLE HATN VETW EMI VNGII EDQ K
Cb _GPR    35 5  VM TA----- ----- ----- ----- ERND TE EGKD VSLA LD ASAD PV APNEV VT KVVV KLE HATN VETWRM V VNGII EDQ K
AG S-3     36 2  PAA AEKPD LAGYE A--QGA RPKRT QRLS AET WDLL RLP LDRE QNGE THH TGDW R-G PSR DSL PLPMR SRKY QEG PDAI ER
PI NS      39 7  EPS P---- ----- ------ -TEEE ARSTA SDHSA SGNQS DGS ENSQGRM VRVR R-- QSME QLDL IKI TP--- DG KRMQ EE
LG N       37 4  TN NSI MSENT EIDSS LNGVR PKLGR RHS MENM ELM KLTP EKV QNWN SEI LAK QKP LIAK PSA KLL FVNR --L KGKK YKTN
Ce _GPR- 1   41 2  K-- ----- ----- --PV AIE K-- ---KE NEEP VD MMDL IFS MS S-RM DDQR TE LPAA RFIP PR PVSS ASKK ------- --
Ce _GPR- 2   41 2  K-- ----- ----- --PV AIE K-- ---KE NEEP VD MMDL IFS MS S-RM DDQR TE LSAA RFIP PR PVSS ASKK ------- --
Cb _GPR    41 5  RP- ----- ----- -APV VEE TP---- KE NEEP MDF MDL IC KMN S-RM DDQR TA MPASI FA APRP ISA ASKK -- ----- --
AG S-3     43 9  RPR EGSHS PLDSA DVRV QVP RTG IPRAP SSD EECF FDL LSK FQS SRM DDQR CPL EEG QAGA AEA TAAP TLE ERAAQ PS--
PI NS      45 6  K-- ----- ----- -LRAQ ATR ------- KAKDD DF FEM LSRS QSK RMDDQR CS IKV NPA GAP AVAT GATR KPL VQQN S--
LG N       45 2  SST KVLQD ASNSI DHRI PNSQRKI S-AD TIGDEG F FDL LSR FQS NRM DDQR CCL QEKNCHT ASTT TSST PPK MMLK TSSV
Ce _GPR- 1   46 3  --- ----- ----- -TTKS HRILP GL RANWT KV QSMK FDG HTM N-- ----- --R ILK RSKKSK S SLD STN SMQG DDTRS D-
Ce _GPR- 2   46 3  --- ----- ----- -TTKS HRILP GL RANWT KV QSMK FDG HTM N-- ----- --R ILK RSKKSK S SLD STN SIQG DDTRS D-
Cb _GPR    46 9  --- ----- ----- -TTKS HRILP GF RANIA KI QNMK FDG QTV N-- ----- --KL LK RSKKSK T SLH ST- STQG DDTRS DT
AG S-3     51 7  VTA SPQT EEFFD LIA SSQ SRR LDD QRASV GSL PGLR IT LNN- --VG HLR GDGDP QEPGD EFFNM LIKY QS SRI DDQ RCP P
PI NS      51 4  LFV DPTN LPGLK SP SSAN PSA IGH GPLAR SAT TTQQ PDDD FLD MLM RCQ GS-R LEE QRSEL PRPN VT MDA EAEAPP RS VP
LG N       53 1  PVV SPNT DEFLD LLA SSQ SRR LDD QRAS FSN LPG LRLT QNS QSVL SHLM TN-DN KEADE DFFDI LV KCQ GSRL DD QRCA P
Ce _GPR- 1   51 9  --- ----- ----- -DVT MTS K---- ----- ----- ----- ----- ------ ----- ----- ----- ----- -----
Ce _GPR- 2   51 9  --- ----- ----- -DVT MTS K---- ----- ----- ----- ----- ------ ----- ----- ----- ----- -----
Cb _GPR    52 5  --- ----- ----- -DAT VLS K---- ----- ----- ----- ----- ------ ----- ----- ----- ----- -----
AG S-3     59 4  PDV LP--- ----- RGP TMP DEDF FSLI QR VQAK RM DEQR VDL AGSPDQ- ----- ----E ASGLP DPRQ QCPPG AS-
PI NS      59 3  EAA VPGAP RGQTG RGA TVP DEDF FSLI MK VQSG RM EDQR ASI PFRNAN- ----- ----N NNNSR SNNN GSAGG AGK
LG N       61 0  PPA TT--- ----- KGP TVP DEDF FSLI LR SQGK RM DEQR VLL QRDQNRD TDFGL KDFLQ NNALL EFKN SGKKS ADH
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1-2 Phenotype:
Gönczy and collaborators (2000) have observed the gpr-1(RNAi)
and gpr-2 (RNAi) phenotypes by microinjecting dsRNA directly into
the gonad (fig.19). This consists of first in vitro synthesis of ssRNAs,
annealing them before injecting dsRNA into the hermaphrodite gonads.
This technique is efficient but does not allow one to analyze a large
number of resulting progeny. Therefore, for practical reasons, I chose
to conduct RNAi by feeding, which consists of feeding the worms with
bacteria producing dsRNAs of interest. To increase efficiency of
dsRNA generation, bacteria lack the endonuclease RNAseIII
(Timmons and Fire, 1998). For the two techniques, worms are cut,
after a certain time in contact with dsRNAs, to collect embryos, which
are analyzed for instance by time-lapse DIC recordings (fig.19).
Figure 19: RNAi mediated gene inactivation and phenotypic analysis:
dsRNA are introduced either by microinjection into the two hermaphrodite gonads or
by feeding bacteria synthesizing the dsRNA of interest. At the end of the incubation
time, worm are cut, their embryos collected, mounted on agarose pad and filmed by
DIC time-lapse recordings.
As inactivation of either gene generates the same phenotype, I
performed the phenotypic analysis in gpr-1(RNAi) embryos. For this
purpose, I constructed a gpr-1(RNAi) feeding strain using a region that
micro-injection of  dsRNA
dissection
Worms  eating
bacteria
producing
dsRNA
Time-lapse  recording
dsRNA bacteria
injection feeding
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was utilized by Gönczy et al (2000) to target gpr-1, which
encompasses a region starting 220 bp upstream of the first initiation
codon until the junction of the third intron and the fourth exon (fig.18).
I first established optimal RNAi feeding conditions to get a strong
phenotype as assessed both by imaging the first cleavage division by
time-lapse microscopy and the resulting embryonic lethality. Using
bacteria grown to an OD600nm of 1 and feeding worms for 36 hours, I
observed a weak posterior displacement of the posterior pole, which,
although distinct from wild type, leads to unequal cleavage (table 1). In
addition, I observed only 46% embryonic lethality under these
conditions. This suggests that there is residual gpr-1/2 activity. Several
parameters can be changed to increase RNAi efficiency: quantity of
bacteria, extent of dsRNA produced, which can be modulated via the
amount of IPTG or the time of induction, incubation time with
bacteria, as well as experimental temperature. First, I varied the
incubation time and found that the first cleavage was equal in most
embryos (table 1). However embryonic lethality was only again 73%,
suggesting residual activity. Whereas I obtained 98% embryonic
lethality after 62 hours of incubation, it was difficult to perform time-
lapse recordings at that time because hermaphrodites run out of sperm
and produce mostly unfertilized oocytes at that time. Therefore, I
varied IPTG concentration and delivery. Timmons et al (2001) have
reported that generation of dsRNA can be induced by adding IPTG
either on plates or directly in liquid culture of bacteria, which may
prove more efficient for some genes. However both methods were
comparable in the case of gpr-1/2(RNAi) (table 1). In another attempt
to increase the penetrance of the phenotype, I grew the bacteria until
they reached an OD600nm of 2, which lead me to obtain the strong
phenotype observed by DIC microscopy and fully penetrant lethality
found by injection (Gönczy et al., 2000; table 1). IPTG, added on the
plate or in the culture, produces no dramatic change in phenotype and
embryonic lethality (table1).
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Table1: Establishment of feeding conditions to inactivate gpr-1/2:
gpr-1/2(RNAi)
phenotype
Conditions tested
Posterior
displacement
of posterior
aster
First cleavage Embryonic
lethality
36h IPTG on plate
(n=4)
IPTG in culture
(n=3)
weaker than
in WT
weaker than
in WT
asymmetric
asymmetric
46% (n=144)
58% (n=107)
OD600nm=1
at 20°C
48h IPTG on plate
(n=4)
IPTG in culture
(n=3)
no
Weaker than
in WT
symmetric
asymmetric
73% (n=104)
77% (n=163)
36h IPTG on plate
(n=30)
IPTG in culture
(n=5)
no
no
symmetric
(83%)
symmetric
100% (n=163)*
99% (n=158)
OD600nm=2
at 20°C
48h IPTG on plate
(n=5)
IPTG in culture
no
no
symmetric
symmetric
100% (n=92)
100% (n=207)
* feeding conditions used to inactivate gpr-1/2 for all the following experiments.
Therefore I performed the phenotypic analysis by feeding L4 worms
with bacteria induced at OD600nm of 2 with 1 mM IPTG. IPTG is added
on the plate for 38 hours at 20°C.
1-2-1 One-cell stage:
In wild type, the female and male pronuclei appear at the anterior
and posterior poles, respectively, a few minutes after fertilization
(fig.20A). They migrate toward the cell center (movement of female
pronucleus is more pronounced than that of the male pronucleus) to
meet in the posterior half (fig.20B, C). The centrosome-pronuclear
complex centrates and rotates to align both centrosomes along the A/P
axis (fig.20D). The nuclear envelope of the female and male pronuclei
break done, which is rapidly followed by formation of the mitotic
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spindle in the center of the embryo, along the A/P axis (fig.20E).
During anaphase, the spindle elongates asymmetrically toward the
posterior pole (fig.20F). Spindle elongation is accompanied by
oscillations of anterior and posterior asters along the transverse axis
called rocking, the posterior oscillations being more pronounced (not
shown). At telophase, the morphology of both asters differs. Indeed,
whereas the anterior aster has a round shape, the posterior aster adopts
a flattened shape (fig.20G). As the position of the mitotic spindle at
anaphase determines that of the cleavage furrow, the first cytokinesis
leads to an unequal cell division (~57% of egg length) generating two
daughter cells, a larger anterior AB blastomere and a smaller posterior
P1 blastomere (fig.20H).
In gpr-1/2(RNAi), no major defect was observed before anaphase
(90%, n=30). Pronuclear appearance, migration, meeting and
centration-rotation are essentially indistinguishable from wild type
(fig.20K-N). In three gpr-1/2(RNAi) embryos centration/rotation was
incomplete by the time of spindle assembly. Because this low
frequency of phenotype was occasionally observed in wild type, I did
not consider them to be caused by gpr-1/2(RNAi) phenotype. In
contrast, gpr-1/2(RNAi) embryos were strikingly different from wild
type from anaphase onwards. Whereas the spindle elongates
asymmetrically towards the posterior pole in wild type, this does not
occur in most gpr-1/2(RNAi) embryos (25/30) (fig.20P, table 2).
Instead, the spindle is centrally positioned at the end of anaphase,
leading to a nearly equal division (~51% of egg length), which
generates two daughters of equal size (fig.20R; table 2). Tracking of
the anterior and posterior asters during anaphase confirmed that in wild
type, the anterior aster has a fairly stationary position and the posterior
one shifts toward the posterior pole (fig.21A-C). In gpr-1/2(RNAi), the
anterior aster does not move and the movement of the posterior aster
toward the posterior pole is strikingly diminished (fig.21D-E). In the
other five gpr-1/2(RNAi) embryos, the posterior spindle pole moves
weakly towards the posterior pole. Although easily distinguishable
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from the wild type, this movement results in an unequal cleavage (table
3).
Figure 20: gpr-1/2(RNAi) embryos display defects in one- and two-cell stage
embryos:
DIC time-lapse images at different stages in wild type and gpr-1/2(RNAi)  embryos.
(A, K) Pronuclear appearance, (B, L) Pronuclear migration, (C, M) Pronuclear
meeting, (D, N) centration/rotation, (E, O) Metaphase, (F, P) Anaphase, (G, Q)
Telophase, (H, R) Early two-cell stage, (I, S) Onset of nuclear envelope breakdown
of AB and P1 nuclei, (J, T) AB and P1 in mitosis. White arrowheads indicate the
position of centrosomes and spindle pole. Dashed circles represent shape of anterior
and posterior asters, respectively. Dashed lines represent orientations of AB and P1
spindle. Scale bar=10 mm.
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Fig.21: gpr-1/2 are required for asymmetric spindle positioning:
(A, D) Time-lapse DIC microscopy of wild type (A) and gpr-1/2(RNAi) (D) one-cell
stage embryos. Time elapsed is shown in min and sec.  Panels in A and D at same
magnification; bar scale=10 mm. (B, E) Tracings of anterior and posterior spindle
pole position of wild type (B) and gpr-1/2(RNAi) (E) embryo displayed in A and D,
from spindle assembly until 100 sec thereafter.  Dashed lines indicate starting
positions of spindle poles. (C, F) Position of anterior and posterior spindle poles at
the end of anaphase in 9 wild type (C) and 10 gpr-1/2(RNAi) embryos (F).
Furthermore, measurements of pole-pole distance at the end of
anaphase using GFP-TUB and GFP-HIS confirmed that spindle length
is compromised when gpr-1/2 is inactivated, being 18.35 mm ± 0.56,
whereas it is 24.19 mm ± 1.05 in wild-type (fig.22; table2). In all gpr-
1/2(RNAi) embryos, transverse movements of the posterior spindle
pole and its flattening at telophase did not take place (fig.20Q; table 2).
Fig.22: gpr-1/2(RNAi) embryos exhibit defect in anaphase B:
Pole-pole separation in wild type (n=2) and gpr-1/2(RNAi)  (n=4) embryos.
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Table2: Defect in one-cell stage gpr-1/2(RNAi) embryos:
rocking displacement
a
flattenedb lengthc unequald
Wild type
(n=10)
yes 100% 100% 24.2±1.05 100%
gpr-1/2(RNAi)
(n=30)
no 17%* 0% 18±0.56 17%*
a displacement of posterior aster. b shape of posterior aster. c spindle length at telophase given
in mm. dunequal.* distinguishable from that of in wild type.
1-2-2 Two-cell stage:
In wild type embryos, after the first cytokinesis, the AB nucleus
migrates toward the cell center whereas the P1 nucleus migrates more
rapidly towards the posterior of the cell and then returns to the cell
center (fig.20H). The AB and P1 centrosomes duplicate and separate to
be diametrically opposed along the transversal axis. At this stage,
centrosome behavior differs in AB and P1. In AB, centrosomes remain
positioned transverse to the A/P axis, axis in which spindle elongates.
In P1, in contrast, the nucleo-centrosome complex rotates by 90°, both
centrosomes become positioned on the A/P axis (fig.20I). The spindle
sets up along the anterior-posterior axis as well (fig.20J, table3). AB
and P1 also differ by cell cycle timing, with AB dividing approximately
2 minutes before P1.
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Table3: Defect in two-cell stage gpr-1/2(RNAi) embryos:
Position of
AB and P1
nuclei after
cytokinesis
Separation of
P1 asters
Orientation of
AB and P1
spindle
Dt between
AB and P1
wild type
(n=10)
180° 2.04±0.23
gpr-1/2(RNAi)
(n=15)
40-60° 1.26±0.33
aAB spindle was found transversally oriented in 47% of embryos. b P1 spindle was oriented
along the A/P axis and transversally in 6.5% and 6.5% respectively. casynchrony between AB
and P1 is given in minutes (Brauchle et al., 2003).
In gpr-1/2(RNAi), both AB and P1 nuclei remain close to the
boundary between AB and P1 (fig.20R, table3). As they eventually
move away, both nuclei migrate along the cell membrane boundary
before migrating back toward the cell center.
In gpr-1/2 (RNAi) embryos, whereas both AB and P1 blastomere
contain two centrosomes, they fail to separate completely from each
other. To confirm this finding, I stained fixed gpr-1/2(RNAi) embryos
with a-tubulin antibody to detect centrosomes and astral microtubules
and found that the two centrosomes do not separate as far as
centrosomes of the wild type (data not shown). In addition, gpr-1/2
(RNAi) embryos exhibit no rotation of nucleo-centrosome complex
(fig.20S). This rotation is the result of interaction between
microtubules emanating from aster and a region located at the anterior
cortex (Hyman, 1998). Because the centrosomes are not well separated,
it could be that microtubules emanating from the centrosomes are to far
from the anterior cortex to initiate any interactions with the anterior
region. This interaction being absent, the rotation cannot occur. As a
result, both AB and P1 spindle set up along the transversal axis
(fig.20T, table 3).
100%
AB P1
100%
AB P1
87%b
AB
53%a
P1
AB P1
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In addition, in gpr-1/2 (RNAi) embryos, whereas AB still divides
before P1, I observed that the asynchrony in cell cycle between AB and
P1 blastomere was diminished. Michael Brauchle, a diploma student in
the laboratory, has more precisely quantified this asynchrony in cell
cycle. He measured the time difference between AB and P1 by scoring
the metaphase-anaphase transition in both blastomeres using GFP-
histone (GFP-HIS) as a marker of DNA. He found the asynchrony
between AB and P1 to be approximately 1.3 minutes instead of 2.1
minutes (table 3). The work of Michael Brauchle suggested that this
reduction of asynchrony between AB and P1 is likely due to the failure
to engage a preferential DNA replication checkpoint in P1 as a result of
the equal first division (Brauchle et al., 2003).
Finally, in gpr-1/2(RNAi) the AB blastomere exhibits defect in
cytokinesis in some embryos (data not shown).
1-3 Of gpr-1 and gpr-2, which is required for spindle positioning?
To address which gene(s) is (are) required for spindle positioning in
one-cell stage embryos, I attempted to utilize dsRNAs that target more
specifically gpr-1 and gpr-2 and also to create deletion alleles.
1-3-1 ds RNA designed against a somewhat divergent region between
gpr-1 and gpr-2:
To design dsRNA specifically against gpr-1 and gpr-2, I looked for
a region exhibiting enough divergence between the two genes. A short
region of 121 bp in the first exon exhibits enough divergences between
the two genes to hope generating dsRNA, which could target
specifically one gene (fig.20A). However one concern was that this
fragment could be too short to generate efficient RNAi, since the
optimal size of dsRNA for efficient RNAi in C. elegans is superior to
500 bp. Nevertheless, I tested this short region by microinjecting
dsRNA corresponding to either gpr-1 or gpr-2, as well as the two
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dsRNAs. I scored the resulting embryos 36, 42 and 48 hours after
injection using time-lapse DIC recordings. The number of embryos
analyzed is low so the following has to be considered as preliminary.
Embryos coming from animals injected with dsRNA against gpr-1
(121 bp RNAi) displayed a weak phenotype in the one- and two-cell
stage, characterized by diminished rocking and a round posterior
centrosome, but posterior spindle displacement and unequal cleavage
(table 4). At the two-cell stage, the P1 nucleus does not move entirely
toward the posterior but only to the cell center. In addition, rotation of
nucleo-centrosome in P1 blastomere was not impaired in most embryos
(table 4). This “weak” gpr phenotype could reflect that both gpr-1 and
gpr-2 must be inactivated to observe the strong phenotype or be due
instead to the length of dsRNA, which is insufficient to generate
efficient RNAi. Embryos injected with dsRNA against gpr-2 (121 bp
RNAi) also exhibit a “weak” gpr (RNAi) phenotype albeit in a less
penetrant manner than for gpr-1 (121 bp RNAi) (table 4). These
preliminary results may suggest that gpr-2 is also not essential for
mitotic spindle positioning and other processes at the two-cell stage.
Embryos simultaneously injected with dsRNA against gpr-1 and gpr-2
also exhibit a “weak” gpr phenotype and no increase of phenotype was
observed (67%, n=5; table 4) 36 hours after injection. This suggests
that the efficiency of RNAi was not good enough to address which one
between gpr-1 and gpr-2 is required for spindle positioning.
Simultaneous inactivation of the two genes by RNAi may weaken
efficiency of either single dsRNA.
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Table4  Attempted discrimination between gpr-1  and gpr-2  by RNAi :
Time
of
incuba
tion
Rocking Posterior
displacementa
flattened unequal Rotation
of P1
nucleo-
centrosom
al
complex
wild type (n=10) yes 100% 100% 100% 100%
gpr-1/2(RNAi) 36h
(n=30)
no 17% 0% 17% 87%b
36h
(n=3)
0% 100% 0% 100% 100%
42h
(n=2)
0% 100% 0% 100% 100%
gpr-1(RNAi)
121bp
48h
(n=1)
100% 100% 100% 100% 100%
36h
(n=2)
50% 50% 50% 100% 50%
42h
(n=2)
100% 100% 0% 100% 100%
gpr-2(RNAi)
121bp
48h
(n=2)
50% 50% 50% 100% 50%
gpr-1
/gpr-2(RNAi)
121bp
36h
(n=5)
33% 67% 33% 67% 33%
a weaker than in wild type. b n=15.
1-3-2 Attempted generation of deletion alleles:
In collaboration with Katayoun Afshar and the laboratory of Michel
Labouesse, we attempted to generate deletion alleles of gpr-1 and gpr-
2. L4 N2 animals (~6 000) were mutagenized with 50 mM
Ethylmethanolsulfonate (EMS) and 6 000 L4 N2 animals were
mutagenized with 25 mg/ml Trimethylpsoralen (TMP). Mutagenized
animals were ordered in 96-well plates. A fraction of each well was
then lyzed and screened for deletion in gpr-1 and gpr-2 by PCR using
appropriate primers (table 8) specifically designed to target gpr-1 and
gpr-2 genes (Wei et al., 2002). By PCR screening, we found no
positive for gpr-1 whereas one was detected for gpr-2 (data not
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shown). However, from genomic DNA prepared from animals derived
from the plate isolated by PCR screening, we were unable to detect any
positive (data not shown). The failure to detect a putative gpr-1
deletion could be due to a low number of animals to start with as
standard protocols recommend to start with 10 000 animals (Wei et al.,
2002). The failure to detect a putative gpr-2 deletion could be that the
initial PCR band resulted from an artefactual amplification.
From the currently available data, I cannot distinguish which gene is
required for asymmetric spindle positioning in one-cell stage C.
elegans embryos: either one is needed, but because of cross-RNAi
activity both genes are inactivated, or both are needed for spindle
positioning.
1-4 Why are gpr-1/2 required for asymmetric spindle positioning?
1-4-1 Establishment of A/P polarity in gpr-1/2(RNAi) embryos:
In one-cell stage wild type embryos, PAR-6 and PAR-3 are
restricted to the anterior cortex (fig.23A, C). PAR-2 and PAR-1 are
segregated to the posterior cortex and P granules are segregated to the
posterior pole (fig.23E, G, I). PIE-1 is segregated to the posterior pole.
In two-cell stage wild type embryos, PAR-6 and PAR-3 are distributed
throughout the cortex of AB and on the anterior cortex of P1 whereas
PAR-2 and PAR-1 are located at the posterior cortex of P1. P granules
become segregated to the posterior pole of P1 whereas PIE-1 is located
in P1. In the four-cell stage wild type embryos, PAR-6 and PAR-3 are
distributed throughout the cell cortex of the anterior blastomeres ABa
and ABp but also in the EMS blastomere whereas PAR-2 and PAR-1
are distributed at the cell cortex of P2 blastomere. P granules are
segregated to the posterior pole of P2. PIE-1 is segregated to P2.
Because gpr-1/2(RNAi) embryos exhibit an equal first cleavage, like
most par mutant embryos, I investigated whether polarity was correctly
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established in gpr-1/2(RNAi) embryos. Therefore, I analyzed the
distribution of GFP-PAR-6, PAR-3, PAR-2, PAR-1 and PGL-1, a P
granules component, by immunostainings, and GFP-PIE-1 by time-
lapse recordings in one-, two- and four-cell stage gpr-1/2(RNAi)
embryos. In the one-cell stage gpr-1/2(RNAi) embryos, the distribution
of PAR proteins, P granules and PIE-1 is as in the wild type in all cases
(fig.23B, D, F, H, J; table 5).
In the two-cell stage gpr-1/2(RNAi) embryos, no defect in PAR-1
protein, P granules and PIE-1 distribution could be observed (table 5).
PAR-2 is distributed at the posterior of P1 in 97% gpr-1/2(RNAi)
embryos (table 5). One embryo exhibited PAR-2 on a lateral side of
AB and P1. This unusual distribution may have resulted from a lateral
sperm entry site in the one-cell stage, which conceivably may have
lead to such tilted PAR-2 distribution at the two-cell stage. It happens
rarely that sperm enters laterally. However sperm component usually
migrates toward the closest pole. One could imagine that this re-
positioning of sperm component did not occur in this particular gpr-
1/2(RNAi) embryo, which could explain this unusual PAR-2
distribution. I did not analyze PAR-3 distribution in the two-cell stage.
In four-cell stage gpr-1/2(RNAi) embryos, PAR-2 and PAR-1
distribution is indistinguishable from that of wild type. In contrast, I
observed that P granules are distributed in P2, as in wild type, in only
53% (n=19) of gpr-1/2(RNAi) embryos, whereas they are present in P2
and EMS in 47% (n=19) (table 5). Hird et al (1996) reported that P
granules distribution in the P2 blastomere correlates with the
orientation of nucleo-centrosome complex along the A/P axis of the P1
blastomere: after rotation, P granules shift towards the posterior pole of
the future P2 blastomere, leading to P granules to be segregated only in
the P2 blastomere. Therefore, I should have observed P granules
distributed in EMS and P2 in 100% of gpr-1/2(RNAi) embryos in which
rotation in P1 never occurs. However, I noticed this distribution in only
50% of embryos suggesting that in the remaining 50% distribution of P
granules does not follow orientation of nuclear-centrosome complex.
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The distribution of P granules in only P2 is reminiscent of the spn-4
mutant phenotype, in which P granules are correctly segregated to P2
despite P1 rotation defects (Gomes et al., 2001). My own findings
reinforce the view that spindle orientation and polarization of P
granules distribution may not be linked at the four-cell stage. I did not
analyze PAR-6 and PAR-3 distribution at four-cell stage. Because I
observed P granules distributed in EMS blastomere, it could be that
this cell may have adopted germline fate. However, PIE-1 is correctly
segregated in P2 nuclei in gpr-1/2(RNAi) suggesting that AB and EMS
do not have germline fate (table 5). Another way to address EMS
specification would have been to follow the distribution of molecules
required for specification of EMS and for instance by tracking the
formation of pharyngeal cells with a pharyngeal marker.
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Fig.23: Anterior-posterior polarity cues are not affected in gpr-1/2(RNAi)
embryos:
Fixed GFP-PAR-6 (A), GFP-PAR-6 gpr-1/2(RNAi) (B), wild type (C, E, G, I) or gpr-
1/2(RNAi) (D, F, H, J) one-cell stage embryos stained with antibodies against GFP
(A, B), PAR-3 (C, D), PAR-2 (E, F), PAR-1 (G, H) or PGL-1 (I, J). Scale bar=10
mm.
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Table5: Distribution of PAR and PIE-1 proteins and P granules in gpr-1/2 (RNAi)
embryos :
One-cell stage Two-cell stage Four-cell stage
GFP-PAR-6 anterior cortex
(100%, n=42)
ND ND
PAR-3 anterior cortex
(100%, n=35)
ND ND
PAR-2 posterior cortex
(100%, n=59)
posterior cortex
of P1 (97%, n=36)
posterior cortex
of P2 (100%,
n=9)
PAR-1 posterior cortex
(100%, n=21)
posterior cortex
of P1 (100%, n=19)
posterior cortex
of P2 (100%,
n=4)
P-granules posterior pole
(100%, n=34)
posterior pole
of P1 (100%, n=39)
P2 (53%, n=10)
EMS (47%, n=9)
GFP-PIE-1 posterior pole
(100%, n=5)
P1 (100%, n=5) P2 (100%, n=5)
gpr-1/2(RNAi) embryos exhibit 100% of embryonic lethality. The
cause of death is not clear. However Srinivisan et al (2003) have
reported that gpr-1/2(RNAi) late embryos are multinucleate and gpr-
1/2(RNAi) larvae showed polyploidy in all cell lineages, which result
from continued rounds of DNA replication in the absence of
cytokinesis. As mentioned earlier, AB exhibits defects in cytokinesis in
gpr-1/2(RNAi) embryos, which means that the embryos are not
expected to survive (Dechant and Glotzer, 2002, this work). This
suggests that the cause of death is likely to be the cytokinesis defect.
Therefore, polarity is correctly established and maintained in one-
cell stage gpr-1/2 (RNAi) embryos. These observations suggest that
GPR-1/2 acts either downstream or in parallel to PAR proteins to
mediate proper spindle positioning. What could lead to a defect in
spindle positioning in gpr-1/2(RNAi) as it is not due to a defect in A/P
polarity?
1-4-2 gpr-1/2 are required for generation of unbalanced pulling forces:
Results
82
Asymmetric spindle positioning during anaphase is the result of
unbalanced pulling forces acting on spindle poles, with a larger net
force acting on the posterior pole, and this in response to polarity cues
(Grill et al., 2001). Therefore, one hypothesis is that both spindle poles
may not be or only be weakly pulled toward their respective pole in
gpr-1/2(RNAi) embryos. Gotta and Ahringer (2001) have reported that
simultaneous inactivation of two a subunits of heterotrimeric G
protein, GOA-1 and GPA-16, also results in symmetric spindle
position suggesting that pulling forces may also be affected in goa-
1/gpa-16(RNAi) (or Ga(RNAi)) embryos. Thus, we decided in
collaboration with Stephan Grill, a PhD student in the Hyman and
Stelzer laboratories at that time, to address the nature of pulling forces
in gpr-1/2 (RNAi) and Ga(RNAi) embryos. For this purpose, I
generated Ga(RNAi) feeding strain by subcloning the full genomic
sequence of both goa-1 and gpa-16 in the same feeding vector,
transformed HT115 bacteria. Importantly, Ga(RNAi) yielded the fully
penetrant gpr-1/2(RNAi) DIC phenotype as well as 100% embryonic
lethality (data not shown and n=165, respectively).
Pierre and Stephan then performed laser cutting experiments in gpr-
1/2(RNAi) and Ga(RNAi) embryos. They severed the spindle midzone
of live embryos with a UV laser at the onset of anaphase (fig.24 B, C).
They then tracked the covered position of each spindle pole until
cytokinesis (fig.24B, C). From these data, they could determine the
peak velocities of anterior and posterior aster, which reflect the extent
of net pulling forces acting on spindle poles (fig.24E). In wild type, the
peak velocity of anterior and posterior aster is 0.65 mm/sec ± 0.2 and
0.91 mm/sec ± 0.17 respectively. Strikingly, in gpr-1/2(RNAi) embryos
(n=15), the peak velocities of both spindle poles are equal and much
weaker than even that of the anterior spindle pole in wild type
(fig.24E). The average peak velocity of the anterior aster is 0.20
mm/sec ± 0.03 that of the posterior aster is 0.18 mm/sec ±0.04. This is
Phenotypic analysis of gpr-1/2(RNAi) embryos
83
true for Ga(RNAi) embryos (n=15; fig.24E), where the peak velocities
are 0.21 mm/sec ± 0.04 for the anterior spindle pole and 0.22 mm/sec ±
0.03 for the posterior spindle pole. These data suggest that pulling
forces are equal and strikingly diminished in gpr-1/2 (RNAi) and
Ga(RNAi) embryos. These defects in pulling forces, in gpr-1/2(RNAi),
are unlikely to be due to a defect in astral microtubule morphology
because they are indistinguishable from wild type (fig.25J). Therefore,
GPR-1/2 and Ga are required to generate pulling forces on spindle
poles during mitosis. These results also suggest that GPR-1/2 and Ga
may be required to ensure an imbalance of pulling forces in response to
polarity cues because residual forces in gpr-1/2(RNAi) or Ga(RNAi)
embryos were equal on both spindle poles.
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Figure 24: gpr-1/2 and Ga are required for generation of astral pulling forces:
(A-C) Time-lapse DIC microscopy of spindle severing experiments in wild type (A,
anterior is at the bottom-left), gpr-1/gpr-2(RNAi) (B) or Ga(RNAi) one-cell stage
embryos (C). The first frame in each sequence corresponds to the time of the last
laser cut (white bar indicates location of cut), the second frame is 7.5 seconds later,
the third frame 7.5 seconds thereafter.  All panels at same magnification; bar=10 mm.
(D) Tracings of spindle pole position corresponding to sequences shown in (A-C).
Tracings start at first laser shot; arrowheads indicate time-points corresponding to
frames in (A-C). (E) Average peak velocities in mm/s achieved by anterior and
posterior spindle poles following severing (values of peak velocities of anterior and
posterior spindle respectively are for wild type: 0.65±0.20 and 0.91±0.17, for gpr-
1/2(RNAi): 0.20±0.03 and 0.18±0.04 and for Ga(RNAi): 0.21±0.04 and 0.22±0.03).
Error bars show SEM at the 0.95 confidence interval.
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2 - Localization of GPR-1/2 and regulation:
To understand how GPR-1/2 and Ga generate unbalanced pulling
forces, I investigated their distribution. For this purpose, I generated
antibodies directed against GPR-1/2, GOA-1 and GPA-16, analyzed
their distribution by immunostainings and tested the antibodies on
Western blot.
2-1 GPR-1/2 distribution:
Three different GPR-1 antibodies were generated: one against a
peptide, one against the amino-terminus and finally one against the
carboxy-terminus. Because of the high level of identity between both
proteins, the three antibodies can recognize both GPR-1 and GPR-2
and will thus be referred to as GPR-1/2 antibodies.
2-1-1 anti-peptide antibody
The anti-peptide antibody is directed against 14 amino-acids region
of the carboxy-terminal part of GPR-1/2 (fig.18B). By
immunostainings, both batches of antibodies gave the same distribution
although one of them gave less cytoplasmic background. I analyzed
GPR-1/2 distribution as revealed by these antibodies from the early
one-cell until the four-cell stage. GPR-1/2 is located at the cell cortex,
in the cytoplasm, spindle midzone during metaphase and finally in the
vicinity of centrosomes. By analyzing GPR-1/2 distribution throughout
the cell cycle, I found that GPR-1/2 is uniformly distributed at the cell
cortex in 67% (n=60; table 6) of embryos from pronuclear migration
until prometaphase (fig.25A, B). In the remaining 33% embryos at
those stages, cortical GPR-1/2 was slightly asymmetric, with signal
being present at the posterior cortex (table 6). Strikingly, from
prometaphase to early anaphase, GPR-1/2 is slightly enriched at the
posterior cortex in 96% of embryos, while being uniformly distributed
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throughout the cell cortex in the remaining 4% of embryos (n=24;
fig.25C, D; table 6). Slight posterior enrichment is also observed just
after cytokinesis in P0 and in P1, when GPR-1/2 is enriched at the
posterior cortex of the P1 and P2 blastomeres respectively (fig.25E-H;
table 6).
I quantified the cortical enrichment of GPR-1/2 in one-cell stage
embryos. In embryos at prophase, the cortical signal at the anterior
cortex is approximately similar than that of posterior cortex (fig.25K).
In embryos going throught prometaphase to early anaphase (n=5), the
signal intensity of GPR-1/2 is approximately 1.6 higher at the posterior
cortex (fig.25L).
Furthermore, GPR-1/2 distribution at the centrosomes is cell cycle
dependent, being present at that subcellular location essentially during
M phase perhaps reflecting the larger size of asters at that time. I did
not observe an asymmetric distribution of GPR-1/2 on centrosomes. In
addition, at the four-cell stage, GPR-1/2 is enriched at the cell
membrane boundary between EMS and P2 (fig.25G, H).
To address the specificity of GPR-1/2 antibodies, I analyzed the
distribution of GPR-1/2 in gpr-1/2(RNAi) embryos. The distribution at
the cell cortex, the cytoplasm and the vicinity of centrosomes was
abolished throughout the cell cycle in 100% of embryos analyzed
(fig.25I, J). This result shows that anti-GPR-1/2 antibody is specific.
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Figure 25: GPR-1/2 cortical distribution is asymmetric in wild type embryos:
Fixed embryos from wild type (A, B: early prophase one-cell stage; C, D: metaphase one-cell
stage; E, F: early two-cell stage; G, H: early four-cell stage), gpr-1/2(RNAi) (I, J: telophase
one-cell stage), and early two-cell stage GFP-GPR-2 (K, L), stained with antibodies against
GPR-1/2 (A-J) or GFP (K, L), as well as against a-tubulin. Panels in left column show GPR-
1/2 or GFP, panels in right column show GPR-1/2 or GFP in red and tubulin in green.  All
panels at approximately same magnification; scale bar=10 mm. (M, N) Quantification of
cortex/cytoplasm ratio of GPR-1/2 staining at the anterior and posterior in prophase (M) and
metaphase (N) embryos respectively.
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Table6: GPR-1/2 distribution in wild type embryos :
Prophase P0
(n=60)
Metaphase P0
(n=24)
Anaphase P0
(n=27)
Early two-cell
stage (n=60)
Uniform
throughout cell
cortex
67% 4% 88% 22%
Slightly
enriched at the
posterior cell
cortex
33% 96% 12% 78%
I tested these anti-GPR-1/2 antibodies by western blot on wild type
embryonic extracts but detected a large number of cross-reacting bands
that prevented the use of these antibodies as reagents for western blot
analysis (data not shown). I did not test these antibodies on gpr-
1/2(RNAi) embryonic extracts.
2-1-2 anti-amino and anti-carboxy-terminal GPR-1/2 antibodies:
In order to obtain antibodies suitable for western blot analysis and
immunoprecipitation experiments, I recently generated two other GPR-
1/2 antibodies: one directed against the amino-terminal segment (aa 1-
340) and one against the remaining carboxy-terminal part (aa 341-525)
(fig.20B). During the immunization program, the rabbit injected with
the antigen directed against the amino-terminal part of GPR-1 died,
unfortunately. A second rabbit has been injected and antibodies will be
purified in the near future. I tested the antibody directed against the
carboxy-terminal segment on fixed embryos. The preliminary results
indicate an identical distribution to that found with the anti-peptide
antibodies including at the cell cortex, the cytoplasm and the vicinity of
centrosomes (data not shown). Whether these antibodies also show the
slight enrichment at the posterior cortex and whether they are specific
remains to be determined.
On Western blots, this GPR-1/2 antibody is cleaner than the
previous ones. One major and two minor bands are detected in wild
type embryonic extracts, the major one being at the expected size and
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diminished in gpr-1/2(RNAi) embryonic extract (thanks to Katayoun
Afshar for providing me this fresh result, fig.26). Therefore this
antibody may prove useful for western blot and maybe to perform
immunoprecipitation.
Figure 26: Anti-GPR-1/2(CT) antibody reactivity on western blot:
Western blot of wild type (WT) and gpr-1/2(RNAi)  embryonic lysates using anti-
GPR-1/2(CT) antibody. (*) Cross-reacting bands (one visible on the bottom and one
less visible on the top) used as loading control.
2-2 - GFP-GPR-2:
I also investigated GPR-1/2 distribution by generating transgenic
animals expressing a GFP-GPR fusion protein. GFP tag was inserted at
amino-terminal part of GPR-2 as a common way for all GFP constructs
done in our laboratory. I cloned the full-length genomic sequence of
gpr-2 in the gfp/pie-1 germline expression vector. Then, in
collaboration with Karine Baumer in the laboratory, we generated
transgenic GFP-GPR-2 animals by bombardment (Praitis et al., 2001).
After 10 days, I screened for transgenic animals, which would move as
wild type animals. Out of 10 bombardments (20 different bombarded
plates), I found five transgenic animals. For four transgenic lines, the
rescuing event was the result of an integration event, whereas for the
last one it was an extrachromosomal array or an integration event that
is homozygote lethal. I examined GFP expression in embryos derived
from the four lines by dual GFP+DIC time-lapse microscopy. From
four transgenic strains, I detected a weak GFP signal at the cortex and
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at the cytoplasm for only one of them (data not shown). In parallel, I
fixed embryos from all transgenic lines with anti-GFP antibody.
Interestingly, I detected GFP signal in embryos from all transgenic
strains, indicating that GFP expression was too low to be detected by
live imaging in three out of 4 strains. As expected, the GFP signal was
stronger in the line where expression was detected already by time-
lapse recordings. Importantly, detailed analysis of GFP-GPR-2
distribution in this particular transgenic strain revealed similar
distribution (including enrichment at the posterior cortex) to that
observed with the GPR-1/2 anti-peptide antibodies, further indicating
specificity of these antibodies (fig.25K, L).
2-3 Regulation of GPR-1/2 distribution:
GPR-1/2 is distributed at the cell cortex and is slightly enriched at
the posterior cortex at a given time of the cell cycle. What controls the
cortical distribution of GPR-1/2 as well as its asymmetry?
2-3-1 PAR proteins:
I first addressed whether polarized distribution of GPR-1/2 is under
the control of par genes. I focused on two-cell stage embryos in which
the enrichment of GPR-1/2 at the posterior cortex was easiest to score.
In par-2 mutants, PAR-3 is distributed throughout the cell cortex
whereas in par-3 mutants, PAR-2 is expanded towards the anterior
pole. Therefore, if PAR-3 would control the extent of cortical GPR-
1/2, GPR-1/2 should be uniformly distributed at the cortex in par-3
mutant, with signal intensities similar to the one observed at the
posterior cortex of two-cell stage wild type embryos. Conversely, if
PAR-2 would control GPR-1/2 at the cortex, GPR-1/2 should also be
uniformly distributed at the cell cortex, in par-2 mutant but with signal
intensity, which is lower and reminds the one observed at the anterior
cortex in two-cell stage wild type embryos. This is exactly what I
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observed in par-3 mutant and par-2(RNAi) embryos (fig-27C,D;
fig.27E,F respectively and table 7).
Figure 27: GPR-1/2 distribution is controlled by polarity cues:
Fixed early two-cell stage embryos from wild type (A, B), par-3(it71)  (C, D), par-
2(RNAi)  (E,F), par-1(it51) (G, H), stained with antibodies against GPR-1/2 and a-
tubulin. Panels in left columns show GPR-1/2 and panels in right column show GPR-
1/2 in red and tubulin in green. All panels at approximately same magnification.
Scale bar=10mm.
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Table7: GPR-1/2 distribution in early two-cell stage par-3  mutant, par-2(RNAi)  and
par-1  mutant embryos :
wild type
(n=60)
par-3(it71)
(n=24)
par-2(RNAi)
(n=17)
par-1(it71)
(n=21)
Enrichment
at posterior
cortex
78% 0% 0% 81%
Uniform
throughout
the cell
cortex
22% 100% 100% 19%
In addition, I also addressed whether GPR-1/2 distribution was
controlled by two other par genes: par-1 and par-4. PAR-1 and
PAR-4 are both Ser/Thr kinases. Interestingly, GPR-1 and GPR-2
contains multiple potential Ser/Thr phosphorylation sites. One
could imagine that polarized distribution could be regulated by
asymmetric phosphorylation of GPR-1/2 by PAR-1, PAR-4 or
both. I analyzed GPR-1/2 distribution in par-1 and par-4 mutant
embryos again focusing in two-cell stage embryos. In a par-1
mutant, the polarized distribution was not affected in 81% of two
cell stage (n=21) embryos whereas the remaining 19% harbor a
uniform distribution, similar to the figures found in wild type
(fig.27G, H; table 7). However the enrichment of GPR-1/2 at the
posterior cortex seems to be less pronounced than in wild type (see
fig.27A and 27G). In a par-4 mutant, GPR-1/2 distribution was not
affected (data not shown). These observations suggest that PAR-1
(in part) and PAR-4 do not control the polarized distribution of
GPR-1/2. This does not exclude the possibility that they could
regulate GPR-1/2 activity by phosphorylation.
Taken together these data show that GPR-1/2 acts
downstream PAR-2 and PAR-3 to mediate proper spindle
positioning.
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2-3-2 Actin:
I wanted to analyze the requirement for cytoskeletal elements in
GPR-1/2 distribution. Therefore I looked at GPR-1/2 distribution
in embryos with a perturbed actin cytoskeleton. Rather than
analyze GPR-1/2 in Latrunculin A treated embryos, I inactivated
by RNAi one of five C. elegans actin genes, actin-2, which is the
only one to be essential during embryogenesis (Bruce Bowerman,
personnel communication). However because the five actin genes
are highly similar at the nucleotide level, I may have inactivated
the five genes. The act-2(RNAi) embryos exhibit the phenotype
expected from having targeted the actin cytoskeleton including no
cortical contractions as well as meiotic and cytokinesis defects.
In act-2(RNAi) embryos, GPR-1/2 distribution is altered. In
some embryos, cortical distribution of GPR-1/2 was essentially
absent (fig.28C, D) whereas in other embryos cortical distribution
was apparent but in patches located apparently randomly at the cell
cortex, perhaps due to partial RNAi (fig.28E-H). In Latrunculin A
treated embryos, PAR-3 is distributed throughout the cell cortex
whereas PAR-2 is found at the vicinity of the centrosomes
(Severson and Bowerman, 2003). Therefore, this defect in GPR-
1/2 distribution could reflect a depletion of the actin cytoskeleton
or a defect of polarity. Further experiments need to be done to
distinguish between these possibilities as destabilizing the actin
cytoskeleton by injecting Latrunculin A during prometaphase
when the actin cytoskeleton is not required for establishment of
A/P polarity (Strome and Wood, 1983) and analyze GPR-1/2
distribution in these embryos. If GPR-1/2 distribution is affected
this will suggest that actin controls directly GPR-1/2 distribution.
In contrast, if GPR-1/2 distribution is not affected this will suggest
that defect in GPR-1/2 localization observed in act-2(RNAi)
embryos is due to defect in A/P polarity.
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In addition act-2 (RNAi) embryos exhibit a stronger signal of
GPR-1/2 at the centrosomes compared to that of in wild type
embryos. This suggests that the actin cytoskeleton may also inhibit
the recruitment of GPR-1/2 at the anterior and posterior asters.
These results suggest that actin may be needed for
establishment and/or maintenance of GPR-1/2 at the cortex.
Figure 28: GPR-1/2 distribution is affected in act-2(RNAi)
embryos:
Fixed one-cell stage embryos from wild type (A, B: metaphase), act-2(RNAi)
(C-H: prometaphase, anaphase and telophase respectively), stained with
antibodies against GPR-1/2 (A-H) and a-tubulin (B, D, F and H) . Panels in
right columns show GPR-1/2 in red, tubulin in green and DNA in blue, stained
with Hoechst 33258, except for panel B. All panels at approximately same
magnification. Scale bar=10 mm.
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2-3-3 Microtubules:
I also tested the requirement of microtubules for localization of
GPR-1/2. I perturbed the microtubule cytoskeleton either by cold
treatment or inactivation of a a-tubulin gene by RNAi.
After cold treatment, GPR-1/2 was still located in the cytoplasm, at
the cortex and in the vicinity of centrosomes throughout the cell cycle.
However, the slight enrichment at the posterior cortex of GPR-1/2 was
no longer detected from prometaphase to early anaphase (fig.29, D, E).
The same is true at the two and four-cell stage. Indeed the signal
intensity at the anterior and posterior cortex is approximately equal
(n=5; fig.29F).  By comparing these intensities with those observed in
wild type, the level intensity at the anterior cortex, in cold-treated
embryos, is a little more pronounced than in wild type (fig.29C, F)
suggesting that microtubules inhibit recruitment of GPR-1/2 at the
anterior cortex.
I also depleted microtubules by RNAi against the alpha tubulin gene
tba-2. Early C. elegans embryos express two alpha tubulin genes.
Because of highly related sequences between the two alpha tubulin
genes, these genes may all be inactivated by RNAi cross-activity
(Wright and Hunter, 2003). Inactivation of tba-2 by RNAi results in
defective meiotic divisions and pronuclear migration, with the male
pronucleus being close to the posterior pole and defective cytokinesis.
In addition no cortical, astral and spindle microtubules are formed,
only the aspect of the microtubule cytoskeleton that is apparent is the
centrosome. Polarity is not affected in tba-2(RNAi) embryos as
distribution of PAR-6, PAR-2, PAR-1 and P granules were normal
(Sonneville and Gönczy, 2004). I analyzed GPR-1/2 distribution in
tba-2(RNAi) one-cell stage embryos at prophase and metaphase. In tba-
2(RNAi), GPR-1/2 is still distributed at the cortex and polarized in
100% of embryos at prophase and metaphase. Strikingly, GPR-1/2 is
not enriched at the posterior cortex but at the anterior one instead
(fig.29G, H and I). This defect could be the result of a direct effect of
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microtubules or an indirect one on GPR-1/2 distribution. Depletion of
microtubules cytoskeleton could affect the distribution of molecules
regulating GPR-1/2 distribution as LET-99, LIN-5 or Ga. To
distinguish between these two possibilities, it would be interesting to
analyze the distribution of these molecules in tba-2(RNAi) embryos. In
addition, GPR-1/2 is severely diminished at the posterior cortex (fig.29
G, H and I). This defect could be due to the presence of the
centrosomes close to posterior cortex. To test this hypothesis it would
be interesting to analyze GPR-1/2 distribution in dhc-1(RNAi) or lis-
1(RNAi) embryos in which the asters are also close to the posterior
cortex (Cockell and Gönczy, 2004).
Figure 29: GPR-1/2 distribution in cold-treated and tba-2(RNAi) one-cell stage
embryos:
Fixed one-cell stage embryos from wild type (A, B: metaphase), cold treated (D, E:
prometaphase) and tba-2(RNAi)  (G, H: prometaphase), stained with antibodies
against GPR-1/2 and a-tubulin. Panels in left column show GPR-1/2 and panels in
right column show GPR-1/2 in red, tubulin in green and DNA in blue stained with
Hoechst 33258, except for panel B. All panels at approximately same magnification.
Scale bar=10 mm. (C, F and I). Quantification of cortex/cytoplasm ratio of GPR-1/2
staining at the anterior and posterior in wild type (C), cold-treated (F) and tba-
2(RNAi)  (I) embryos.
Taken together, these data suggest that microtubules are required to
inhibit GPR-1/2 enrichment at the anterior cortex. This could be due to
a defect of LIN-5 or LET-99 or G molecules regulating GPR-1/2
distribution. Indeed, disruption of microtubules a long time before
enrichment of GPR-1/2 at posterior leads to its inverted polarization,
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with GPR-1/2 being more distributed at the anterior cortex. When
microtubules cytoskeleton is inhibited at the time of enrichment at the
posterior cortex, GPR-1/2 becomes distributed uniformly throughout
the cell cortex. Therefore, microtubules are required for maintaining
polarized distribution of GPR-1/2 at the posterior cortex.
2-3-4 Ga:
GPR-1 and GPR-2 have no apparent motifs that may target them to
the plasma membrane. However, the two Ga proteins, GOA-1 and
GPA-16, have N-myristoylation sites by which they are anchored at the
cell membrane in other systems. Therefore, the presence of GPR-1/2 at
the cell cortex may occur through interaction with Ga proteins. To test
this hypothesis, I analyzed GPR-1/2 distribution in Ga(RNAi)
embryos. Throughout the cell cycle, the cortical distribution of GPR-
1/2 is severely diminished (fig.30C, D). Indeed, in wild type the ratio
cytoplasm/cortex at the two-cell stage is 1.75 ± 0.26 (n=9) whereas it is
0.92 ± 0.30 (n=8) in Ga(RNAi) embryos (fig.30E). Therefore, Ga
proteins are required for GPR-1/2 cortical distribution.
Figure 30: Cortical distribution of GPR-1/2 is Ga dependent:
Fixed two-cell stage embryos from wild type (A, B), Ga(RNAi) (C, D) stained with
antibodies against GPR-1/2 and a-tubulin. Panels in left column show GPR-1/2 and
panels in right column show GPR-1/2 in red, tubulin in green. Scale bars=10 mm. (E)
Quantification of cortex/cytoplasm ratio of GPR-1/2 staining in wild type and
Ga(RNAi).
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2-4 GOA-1 and GPA-16 distribution:
As for GPR-1/2, I explored the distribution of GOA-1 and GPA-16
hoping that this may explain how the two proteins are required for
generation of unbalanced pulling forces. GOA-1 has been described as
being located at the cell cortex, the cytoplasm and the vicinity of
centrosomes in four-cell stage embryos (Miller and Rand, 2000; Gotta
and Ahringer, 2001). However, the authors did not comment on GOA-
1 distribution earlier in embryonic development. GPA-16 distribution
has not been reported. Therefore, I generated GOA-1 and GPA-16
antibodies to address their distribution in one- and two-cell stage
embryos.
Although GOA-1 antibodies from both purifications gave the same
distribution pattern, I analyzed GOA-1 distribution in embryos using
the column-purified antibodies, which presumably recognize epitopes
of the native form of the protein. I observed the distribution pattern
previously reported at the four-cell stage (fig.31G, H). In addition, in
one- and two-cell stage embryos, GOA-1 distribution resembles that of
GPR-1/2. Indeed, GOA-1 is located at the cell cortex, the cytoplasm
and the vicinity of centrosomes (fig.31A-F). However, I noticed one
major difference, which was the absence of a polarized distribution of
GOA-1 at the cortex in most embryos. However GOA-1 might be
slightly enriched at the posterior cortex in a minority of embryos (data
not shown). It will be interesting to test if different staining conditions
lead to a strengthening of this preliminary observation. In addition,
GOA-1 antibodies stain the nuclear periphery. In Ga(RNAi) and goa-1
mutant embryos, all distributions are abolished, except for the nuclear
periphery, showing that the latter is not specific to GOA-1 (fig.31 I.J).
In wild type embryonic extracts, both GOA-1 antibodies recognize two
bands: one major band at the expected size of ~39 kD, which
disappears in goa-1 mutant and is diminished in Ga(RNAi) embryonic
extracts and a minor band at ~62 kD, which appears to be unspecific
(fig.31K).
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GPA-16 distribution is similar than GOA-1 distribution in one-,
two- and four-cell stage embryos. GPA-16 is distributed at the cortex,
the cytoplasm and the vicinities of centrosomes (fig.32A-H). I also
noticed that GPA-16 appears to be slightly enriched at the posterior
cortex in some one-cell stage embryos. In addition, as for GOA-1
antibody, the nuclear envelope was also stained with GPA-16
antibodies. The cortical and the centrosomal distributions were
essentially absent in gpa-16(RNAi) and Ga(RNAi) embryos, whereas
neither cytoplasmic and nuclear envelope signal disappeared (fig.32I,
J). The cytoplasmic signal could either be unspecific or the gpa-16
(RNAi) conditions were not stringent enough to completely inactivate
GPA-16. These data show that GPA-16 is also a cortical and
centrosomal protein. GPA-16 antibodies also detect one major band at
~39 kD in wild type embryonic extract, which is diminished in
Ga(RNAi) and gpa-16(RNAi) embryonic extract (fig.32K, not shown),
as well as a weaker band at ~62 kD (fig.32K). For GOA-1 and GPA-16
antibodies, this unspecific band could explain the staining of the
nuclear envelope observed by immunofluorescence using GOA-1 and
GPA-16 antibodies.
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Figure 31: GOA-1 distribution in wild type embryos and reactivity of anti-
GOA-1 antibodies on Western blot:
Fixed embryos from wild type (A, B: early one-cell stage; C, D: metaphase one-
cell stage; E, F: early two-cell stage; G, H: early four-cell stage), Ga(RNAi) (I,
J: early two-cell stage), stained with antibodies against GOA-1 and against a-
tubulin). Panels in left column show GOA-1 and panels in right columns show
GOA-1 in red, tubulin in green and DNA in blue stained with Hoechst 33258
except for panel B.  All panels at approximately same magnification; scale
bar=10 mm. (K) Western blot using anti-GOA-1 antibodies (column and strip-
purified) tested on wild type (WT), goa-1(sa734) and Ga(RNAi) embryonic
lysates. (*) Cross-reacting band used as loading control.
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Figure 32: GPA-16 distribution in wild type embryos and reactivity of anti-GPA-
16 antibody on western blot:
Fixed embryos from wild type (A, B: early one-cell stage; C, D: metaphase one-cell
stage; E, F: early two-cell stage; G, H: early four-cell stage), Ga(RNAi) (I, J:
metaphase), stained with antibodies against GPA-16 and against a-tubulin. Panels in
left column show GPA-16 and panels in right column show GPA-16 in red, tubulin in
green and DNA in blue stained with Hoechst 33258. All panels at approximately
same magnification; scale bar=10 mm. (K) Western blot using anti-GPA-16 (strip-
purified) and anti-tubulin antibodies tested on wild type (WT) and Ga(RNAi)
embryonic lysates.
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3-Activity of GPR-1/2 and Ga proteins:
By generating unbalanced pulling forces, GPR-1/2 and Ga are
required for proper spindle positioning in one-cell stage C. elegans
embryos. In addition, their overlaying distribution in early embryos
(cell cortex, cytoplasm and vicinity of centrosomes) supports the idea
that GPR-1/2 function with GOA-1 and GPA-16 in vivo. How could
they function together?
GPR-1/2 has a GoLoco motif, which in other systems has been
shown to bind Ga. In addition, gpr-1/2(RNAi) and Ga(RNAi) have the
same phenotype. Therefore, I addressed whether GPR-1/2 physically
interacts with Ga, and the significance of this potential interaction.
3-1 Interaction between GPR-1/2 and Ga proteins:
3-1-1 Genetically:
gpr-1/2 (RNAi) and Ga(RNAi) have the same phenotype, suggesting
that GPR-1/2 may act in the Ga signaling or in a parallel pathway to
mediate spindle positioning in one-cell stage embryos. To distinguish
between both possibilities, I depleted simultaneously gpr-1/2, goa-1
and gpa-16. If GPR-1/2 is required for Ga signaling, the phenotype
should be indistinguishable from that of single gpr-1/2(RNAi) or single
Ga(RNAi). In contrast, if GPR-1/2 acts in a parallel pathway of Ga,
the phenotype could be more severe. The resulting embryos do not
exhibit a more severe phenotype, which is similar that of gpr-
1/2(RNAi) or Ga(RNAi) (fig.33C). Although it may be that depletion of
the four genes may have been somewhat partial, this result suggests
that GPR-1/2 and Ga act in the same pathway. In the future, this
experiment could be repeated by looking at the distribution of the four
proteins to confirm their complete depletion. It would be interesting to
address the nature of the pulling forces in gpr-1/2;Ga(RNAi) embryos.
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 In addition, Gotta and Ahringer (2001) have shown that the defect
in mitotic spindle positioning in Ga(RNAi) embryos was due to
inactivation of Ga and not to an upregulation of Gbg subunits, because
the same phenotype as that of Ga(RNAi) is observed upon
simultaneous inactivation of Ga and Gbg. To address whether a similar
relationship holds for GPR-1/2, animals were injected with dsRNA
against either Gb  (gpb-1) or Gg (gpc-2) and then fed with gpr-1/2
(RNAi). We found that inactivation of Gb  or Gg does not rescue the
gpr-1/2 (RNAi) phenotype either (fig.33E, not shown). Taken together,
these results suggest that GPR-1/2 is a positive regulator of Ga
signaling.
Figure 33: GPR-1/2 acts through Ga and not Gbg signaling:
Single DIC images from time-lapse recordings of (A-D) wild type, (E-H) gpr-
1/2(RNAi), (I-L) gpr-1/2;Ga(RNAi), (M-P)  gpb-1(RNAi), (Q-T) gpr-1/2;gpb-1(RNAi)
embryos, potentially weaker. Panels A, E, I, M and Q show embryo at prometaphase.
Panels B, F, I, N and R show embryo at anaphase. Panels C, G, K, O and S show
embryo at telophase. Panels D, H, L, P and T show embryo at two-cell stage. Scale
bar=10 mm.
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3-1-2 Physically:
Next, I tested by two-hybrid and GST-pulldown assays whether
GPR-1/2 physically interacts with GOA-1 and/or GPA-16.
To perform the two-hybrid assay, yeast cells were transformed with
either GPR-1 and GOA-1 or GPR-1 and GPA-16. I tested interaction
using the b-galactosidase and histidine assays. Using the b-
galactosidase, neither yeasts transformed with GPR-1 and GOA-1 or
GPR-1 and GPA-16 became blue even after 12 hours at 37°C whereas
the positive control did so after 2 hours at 37°C (data not shown). In
the histidine assay, I tested interaction with three different
concentrations of 3-aminotriasol (3’AT) (0, 50, and 100 mM). Yeast
cells, transformed with GPR-1 and GOA-1 grow at 50 mM whereas
yeast cells, transformed with GPR-1 and GPA-16 do not grow with the
same concentration of 3-AT (fig.34A). This suggests that first, GPR-
1/2 can interact with GOA-1 and, second, that interaction between
GPR-1/2 and GPA-16 either does not exist or occurs with too low an
affinity to be detectable by two-hybrid. Alternatively this could result
from a lack of expression of GPA-16 in yeast.
To confirm the GPR-1/2/GOA-1 interaction observed with the yeast
two-hybrid assay, I performed GST-pull down experiments. GST fused
to full-length GPR-1 (GST-GPR-1/FL) was incubated with in vitro
translated [35S]-GOA-1 or [35S]-GPA-16. The GST fusion protein was
then pulled down with GST beads and the presence of radiolabeled
protein investigated by autoradiography. GST-GPR-1/FL interacts with
[35S]-GOA-1 (fig.34B), whereas no such interaction was detected for
GPA-16. I used the GST-pulldown assay to map the domain of GPR-1
interacting with GOA-1. [35S]-GOA-1 protein was incubated with GST
fused to either an amino-terminal part (residues 1 to 340, GST-GPR-
1/NT) or a carboxy-terminal part of GPR-1 (residues 341 to 525, GST-
GPR-1/CT). GOA-1 exhibits interaction only with the carboxy-
terminal part of GPR-1, which contains the GoLoco motif (fig.34B). In
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addition, the presence of the GoLoco motif alone (GST-GPR-
1/GoLoco) is sufficient to mediate the GPR-1/GOA-1 interaction
(fig.34B). One further experiment would be to address whether the
GoLoco motif is also necessary for this interaction by using a mutated
form of the GoLoco motif in this GST-pull down assay.
Taken together these data suggest that GPR-1/2 interact physically
with GOA-1 via its GoLoco motif. What is the consequence of this
physical interaction?
3-2 GPR-1/2 acts as GDI for GOA-1:
Several studies have reported that GoLoco-containing proteins play
a role in Ga signaling. AGS3 binds specifically and stabilizes the
GDP-bound form of GIa and thus acts as guanine nucleotide
dissociation inhibitor (GDI) for GIa. Pins, in Drosophila, has been also
proposed to act as GDI as it interacts physically with GIa -GDP and
excludes Gbg subunit. These data may suggest that the GoLoco-
containing proteins GPR-1/2, which bind GOA-1, could also act as
GDI for GOA-1 (and perhaps GPA-16). However the phenotype of
gpr-1/2(RNAi) embryo appears at odds with this idea because it is
identical to that of Ga(RNAi). Because in the classical cycle of G
protein signaling GTP-bound form is active, this suggest that GPR-1/2
should not be a GDI. To solve this apparent paradox, I investigated
with which Ga species (GDP or GTP-bound form) GPR-1/2 interacts
and how GPR-1/2 modulates Ga signaling.
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Figure 34: GPR-1/2 interacts with GOA-1 through its GoLoco motifs and acts as
a GDI for GOA-1:
(A) Two-hybrid experiment using a histidine reporter to test interaction between full-
length GPR-1 (bait) and GOA-1 or GPA-16 (preys); plate contains 50 mM 3-
aminotriazol. (B) GST-pull down experiment with in vitro  translated ?
35
S? GOA-1
and GST fused to either full-length GPR-1 (GST- GPR-1/FL, aa 1-525) or fragments
thereof (GST- GPR-1/NT, aa 1-340; GST- GPR-1/CT, aa 341-525; GST- GPR-
1/GoLoco, aa 425-445). (C) Surface plasmon resonance binding assay testing
nucleotide-dependence of interaction between GOA-1 and GST-GPR-1/GoLoco; the
Y axis indicates specific binding (in relative resonance units) as subtracted from
background binding to GST alone. (D) Nucleotide binding assay. Purified GOA-1
was incubated with [
35
S]g-GTP for the indicated times in reaction buffer alone (black
disks), 1 ?M GST (black triangles) or 1?M GST-GPR-1 (black squares). The Y axis
indicates the fraction of GOA-1 with bound GTP? S; the first time point is taken 10
seconds after incubation. Average of three experiments; error bars show standard
deviation. For clarity, the standard deviation of the GST-data set is not displayed on
the graph (values for that data set are t=10 sec, SD=4.6; t=15 min, SD=6.3; t=30 min,
SD=13.5; t=60 min, SD=14.9). (E) Measurement of initial rate of BODIPY-GTPgS
binding after preincubation of 200 nM GOA-1-GDP with various concentration (0 to
21 mm) of GoLoco peptide of GPR-1 (423 - 461 aa) for 5 min at room temperature.
3-2-1 GPR-1/2 binds to GOA-1.GDP:
To address whether the GoLoco motif of GPR-1/2 binds the GDP-
or the GTP-bound form of GOA-1, we initiated a collaboration with
David Siderovski’s laboratory (UNC, Chapel Hill). They performed a
surface plasmon resonance (SPR) binding assay in which our GST-
GPR-1/GoLoco is bound via its interaction with anti-GST antibodies,
itself fixed on the surface. GOA-1 expressed in bacculovirus is then
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prepared in presence of GDP alone or guanosine diphosphate (GDP)-
AlF4` to mimic the transition state of GTP hydrolysis or GTP-g-S
[guanosine5’-o-(3’-thiotriphosphate)], a nonhydrolysable form of GTP.
The nucleotide bound forms of GOA-1 are then injected over the
coated SPR surface and changes in reflexion index measured. These
experiments demonstrated that the GoLoco motif of GPR-1/2 binds
GOA-1.GDP (Kd= 0.31 mM, fig.34C), whereas it does not exhibit
interaction with the two other nucleotide states of GOA-1. The same
result was observed with GST-GPR-1/CT (data not shown). These data
show that GPR-1/2 binds specifically GDP-bound of GOA-1 via its
single GoLoco motif.
3-2-2 GDI activity:
At least two kinds of proteins can bind the GDP-bound form of Ga:
GDIs or GEFs (fig.3B). GDIs bind the GDP-bound form to stabilize it
whereas GEFs activate the exchange of GDP with GTP. To test
whether GPR-1/2 may be a GDI or a GEF, I performed a [35S]-GTPgS
binding assay. Purified GOA-1 was prepared in the presence of GDP
and incubated with [35S]-GTPgS. This was then incubated in the
presence or absence of GST-GPR-1/GoLoco. GST alone was used as a
negative control. If GST-GPR-1/GoLoco acts as a GDI, binding of
[35S]-GTPgS to GOA-1 should be inhibited. If GST-GPR-1/GoLoco
has GEF activity instead, binding of [35S]-GTPgS to GOA-1 should be
enhanced. In the absence of GST-GPR-1/GoLoco, ~42% GOA-1 is
loaded with GTP on average after one hour of incubation (fig.34D).
This binding results from the intrinsic nucleotide exchange activity of
GOA-1. Interestingly, I observed that addition of 1 mM GST-GPR-1
inhibits [35S]-GTPgS binding, with approximately 7.7% of GOA-1
loaded with GTP after one hour (fig.34D). This inhibition was not
observed in the presence of 1 mM GST alone (fig.34D). I reproduced
this experiment two more times with the same preparation of GST-
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GPR-1, with a similar outcome. However, when I repeated this
experiment with another preparation of GST-GPR-1, I was unable to
reproduce this result as no inhibition of GTP binding was observed.
Preininger et al (2003) have reported that myristoylation of Ga
proteins is required for its correct activity. The GOA-1 utilized in my
experiments was produced and purified from E.coli. The lack of post-
translational modification of GOA-1 could help explain the lack of
reproducibility in the GTP binding assay.
In collaboration with the Siderovski laboratory, we performed an
analogous GTP binding assay using a fluorescent nucleotide analogue,
BODIPYÒFL-GTPgS, and with GOA-1 produced using a bacculovirus
expression system. The principle is the same as in the above assay
except that GDP-GOA-1 is incubated with BODIPYÒFL-GTPgS.
When free in solution, BODIPYÒFL-GTPgS is quenched by the
guanine base, leading to a low emission of fluorescence. When the
BODIPYÒ guanine nucleotide probe binds Ga, the BODIPYÒ moiety
is released from quenching leading to an increase of fluorescence. To
assess GTP binding on GOA-1, GOA-1 was incubated with four
different concentrations of GoLoco peptide: 0, 1, 10 and 50 mM. In the
absence of GST-GPR-1, GOA-1 binds strongly BODIPYÒFL-GTPgS.
A strong inhibition of GTP binding was observed with 50 mM of GST-
GPR-1. Recently the Siderovski laboratory repeated this experiment
with a larger fragment of GPR-1 containing the GoLoco motif and a
segment of 13 amino-acids downstream the GoLoco. Kimple and
collaborators (2002) have shown that this additional segment is
responsible for the specificity of binding to Ga subunit. They observed
a better GDI activity of GPR-1 (fig.34E).
Therefore as inactivation of GPR-1/2 leads to an
indistinguishable phenotype from that of Ga, and since GPR-1/2 is a
GDI, it appears that the GDP-bound form mediates spindle positioning
in the one-cell stage (see discussion).
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 3-3 Does GOA-1 modulate microtubule dynamics in C.
elegans?
GPR-1/2 and Ga are distributed at the cell cortex, GPR-1/2 being
slightly enriched at the posterior cortex during mitosis. As these
components are required for generation of unbalanced pulling forces,
one could imagine that GPR-1/2 may regulate asymmetrically Ga
activity, which could itself regulates directly or indirectly microtubule
dynamics. A previous study has described that Ga modulates
microtubule dynamics in vitro by increasing catastrophe rates
(Roychowdhury et al, 1999). Could this also be the case in C. elegans?
To assess this question, I first addressed whether GOA-1 co-
localizes with microtubules. This was difficult to address in embryos,
as cytoplasmic GOA-1 is abundant, potentially obscuring possible
colocalization with microtubules. For this reason, I shifted to a
heterologous COS7 system in which I transfected full-length goa-1 and
examined its distribution with GOA-1 antibodies. Whereas transfected
GOA-1 is distributed at the membrane and the cytosol (fig.35A), I did
not observe colocalization with microtubules (fig.35B). In addition, I
injected two mutated forms of GOA-1, a GDP-locked form (G204A)
and a GTP-locked form (Q205L) to address whether these mutations
affect GOA-1 distribution in COS7 cells. However, these mutations did
not affect distribution (fig.35C, D and fig.35E, F).
To reveal a potential effect of GOA-1 on microtubules in COS7
cells, I treated cells transfected with wild type or G204A or Q205L
forms of GOA-1 with either cold to disrupt microtubules or taxol to
stabilize microtubules. If GOA-1 promotes increased catastrophe rates,
depolymerized microtubules should be observed in taxol treated cells.
In contrast to this expectation, however, microtubule morphology was
indistinguishable in untreated or transfected cells (fig.35G, H).
Conversely, if GOA-1 stabilizes microtubules, long microtubules
should be observed in cold treated cells. However, microtubules were
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depolymerized in as similar manner in transfected cells treated with
cold (fig.35M, N). In addition, in all of these conditions, GOA-1
distribution was not affected. Neither distribution of G204A or Q205L
form of GOA-1 was affected in cold-treated or taxol-treated cells
(fig.35I, J; fig.35K, L; fig.35O, P and fig.35Q, L respectively).
Thus, no effect of GOA-1 on microtubules was observed in
heterologous COS7 cells system. If GOA-1 has an effect it could be
revealed in other assays (see discussion).
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Figure 35: GOA-1 has no effects on microtubules in COS7 cells:
COS7 cells transfected with wild type GOA-1 (A, B, G, H, M and N), GOA-
1(G204A) (C, D, I, J, O and P) and GOA-1(Q205L) (E, F, K, L, Q and R) stained
with anti-GOA-1 and anti-a-tubulin antibodies. Panels in left columns show GOA-1
and panels in right columns show GOA-1 is shown in red, tubulin in green and DNA
in blue stained with Hoechst 33258. White dashed lines show region zoomed 3 times.
Scale bar=1 mm.
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Discussion:
GPR-1/2 and Ga: key components for generation of
unbalanced pulling forces in response to polarity cues
In one-cell stage C. elegans embryos, the mitotic spindle becomes
positioned eccentrically towards the posterior pole during anaphase, in
response to polarity cues. This asymmetric spindle positioning is due to
the generation of unbalanced pulling forces acting on the spindle poles
with a larger net force pulling on the posterior spindle pole. This leads
to an unequal cleavage generating two daughter cells, which differ in
size.
In this thesis work, I characterized novel components, GPR-1/2 and
Ga (GOA-1 and GPA-16) that are involved in asymmetric spindle
positioning in response to polarity cues. I showed that depletion of gpr-
1/2 or Ga results in a lack of posterior displacement of the spindle
leading to a symmetric position of the spindle by the end of anaphase
and, consequently, to an equal cleavage generating two daughter cells
with equal size. We showed that GPR-1/2 and Ga are required to
generate pulling forces and may be also key for generating unbalanced
forces. I showed that GPR-1/2 and Ga are enriched at the cell cortex
throughout the cell cycle. Interestingly, cortical GPR-1/2 is slightly
enriched at the posterior compared to the anterior from prometaphase
to early anaphase, a short time interval correlating with establishment
of unbalanced pulling forces. Finally, my results establish that GPR-
1/2 translate polarity cues into unbalanced pulling forces because the
cortical distribution of GPR-1/2 is par-3 and par-2 dependent, and
altered distribution of GPR-1/2 in par-3 mutant and par-2(RNAi)
correlates with defect in spindle positioning observed in these mutants.
Moreover pulling forces in par-3(it71); gpr-1/2(RNAi) embryos are
identical to those observed in gpr-1/2(RNAi) embryos (data not
shown), further indicating that gpr-1/2 acts downstream of A/P polarity
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cues to mediate proper spindle positioning in one-cell stage embryo.
For these reasons taken together, we propose the following working
model for asymmetric spindle positioning in the one-cell stage C.
elegans embryo (fig.36). The asymmetric cortical distribution of GPR-
1/2 leads to asymmetric Ga activity at the cell cortex, with more
signaling occurring at the posterior cortex. This, in turn, results in
unbalanced net pulling forces, with a larger one acting on the posterior
spindle pole.
Figure 36: Working model of spindle positioning in one-cell stage C. elegans
embryos.
Astral and spindle microtubules are shown with green lines, spindle poles with green
disks, active cortical force generators with bright blue disks. AP polarity cues (PAR-3
and anterior cortical domain: red; PAR-2 and posterior cortical domain: dark blue)
control the amount of cortical GPR-1/2 (orange). GPR-1/2 activates Ga signaling,
which results in cortical force generators acting on astral microtubules. As there is
more GPR-1/2 at the posterior cortex, a larger net pulling force (red arrow) is exerted
on the posterior spindle pole than on the anterior one.
Evidence suggests unbalanced pulling forces are generated by a
difference of cortical force generators, with 50 % more being at the
posterior (Grill et al., 2003). The posterior enrichment of GPR-1/2 is of
similar extent and GPR-1/2 is required for force generation (this work
and Grill et al., 2003). Therefore, GPR-1/2 appears to be a rate-limiting
force step for force generation. How could interactions between astral
microtubules and the cortex mediate generation of pulling forces in C.
elegans? Two possibilities are proposed: (1) microtubule-
depolymerisation-coupled movements, in which anchors at the cell
cortex maintain interactions with the plus ends of depolymerizing
microtubules, thus generating pulling forces as the cortex is in a fixed
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position or (2) motor-protein-driven movements, in which minus-end-
directed motors such as cytoplasmic dynein anchored at the cell cortex
exhibit minus-end-directed motility, thus generating pulling forces.
How could Ga signaling be required for such mechanisms underlying
cortical force generators?
First, Ga signaling could control microtubule-depolymerisation
movements directly. However, by doing FRAP experiment on gpr-
1/2(RNAi) expressing b-TUB-GFP, Katayoun Afshar has shown that
overall microtubule behavior is not altered. In addition, it is not clear
whether Ga interacts with microtubules in C. elegans, because Ga and
microtubule distribution does not seem to overlap. In COS7 cells,
GOA-1 appears not to colocalize with microtubules and not to affect
their behavior (see fig.35). These results raise the possibilities: (1)
GOA-1/GPA-16 have an effect on microtubule dynamics but acting in
a complex with other molecules as GPR-1/2 (2) GOA-1/GPA-16 have
no effect on microtubule dynamics or (3) the effect is so transient that
it cannot be observed in COS7 cells. To address the first hypothesis, it
will be interesting, in the future, to cotransfect GOA-1 with GPR-1/2
or other candidates as dynein in COS7 and analyze the effect on
microtubule dynamics. In addition, to address the two last hypotheses,
it will be interesting to test the effect of GOA-1 and GPA-16 on
microtubules in vitro. Roychowdhury and coworkers (1999)
demonstrated that Ga subunits can affect microtubule dynamics by
accelerating catastrophe rates in vitro. Whether C. elegans GOA-1 and
GPA-16 would have as similar effect on microtubules remains to be
determined. In the mammalian study, the authors tested a subunits of
the Gia  subfamily whereas GOA-1 is a member of the Goa subfamily
and GPA-16 belongs to the distinct GPA subfamily. GOA-1 and GPA-
16 could also control microtubule-depolymerisation movements
indirectly through their respective effectors, which are still unknown to
date.
GPR-1/2 and Ga: key components for generation of unbalanced pulling forces in response to
polarity cues
115
Second, Ga signaling could control motor-protein-driven
movements through dynein. The dynein heavy chain DHC-1 is
distributed throughout the cell cycle at low level in one-cell stage
embryos, which makes difficult to observe enrichment at the posterior
cortex (Gönczy et al., 1999). This suggests that Ga may regulate
dynein distribution at the cortex but this is difficult to address. Ga
could also regulate distribution of molecules needed for dynein
function. Because embryos lacking dynein function exhibit several
defects earlier in embryonic development, including absence of
centrosome separation and spindle assembly (Gönczy et al., 1999), the
potential involvement of dynein in astral microtubule force generation
cannot be readily assessed unless using a temperature sensitive mutant
to abolish dynein function at a given time.
After severing of the spindle midzone in gpr-1/2(RNAi) and
Ga(RNAi) embryos, residual pulling forces are observed, suggesting
three possibilities: (1) GPR-1/2 and Ga are not completely inactivated,
(2) there are Ga independent astral forces or (3) residual forces are due
to release of internal tensions between both spindle poles. Incomplete
depletion of gpr-1/2 and Ga is unlikely since GPR-1/2 and GOA-1 are
essentially undetectable in gpr-1/2(RNAi) and Ga(RNAi) embryos
respectively. In centrosome disintegration experiments in wild type
embryos (fig.17), Grill and coworkers (2003) observed that aster
fragments derived from anterior and posterior spindle pole move
toward the respective cortex. In gpr-1/2(RNAi) embryos, the aster
fragments show no expansion and their velocities were down compared
to OICD in wild type embryos suggesting that net forces are null
because no forces are exerted upon astral microtubules (Grill et al.,
2003). Thus this suggests that there are no Ga independent astral
forces. Because the residual net force, measured in the severing
experiments, is ~ 6 times lower than that acting on anterior spindle
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poles in wild type (see fig.24), we hypothesized that laser cutting
reveal internal tension between the two spindle poles.
GPR-1/2 and other regulators of GOA-1 and GPA-16 activity
GPR-1/2 mediates spindle positioning in one-cell stage C. elegans
embryos through Ga signaling. Ga oscillates between GDP- and GTP-
bound forms. Ga can be stabilized in their GDP-bound form by GDIs,
activated through the nucleotide exchange mediated by GEFs and
turned off by hydrolysis of GTP catalyzed by GAPs. In the following
chapter, I focus on regulators of activation of Ga in C. elegans
embryos.
GPR-1/2 interacts with the GDP-bound form of GOA-1 through its
GoLoco motif. In addition, GPR-1/2 inhibits binding of GTP to GOA-
1, suggesting that GPR-1/2 acts as a GDI. Therefore, through its
interaction with the GDP bound form of Ga, GPR-1/2 may induce
dissociation of Gbg from Ga, a role normally played by liganded
GPCRs in the classical activation cycle of G proetins. No interaction
between GPR-1/2 and GPA-16 was detected either by two-hybrid or
GST-pulldown suggesting such an interaction, if it exists, may occur
with low affinity (this work and Gotta et al., 2003). However, from a
large two-hybrid screen, it appears that GPR-1/2 interacts with GPA-16
(Vidal et al., 2003). In addition, GPR-1/2 and GPA-16 interact in
immunoprecipitation experiment (data not shown). What could be the
function of GPA-16? Because inactivation of gpr-1/2 and simultaneous
inactivation of goa-1 and gpa-16 has the same phenotype, GPA-16
could be regulated in a similar manner to GOA-1 by GPR-1/2.
Unpublished data from our laboratory suggests that a molecule
called RIC-8 acts as a GEF for at least GOA-1.
ric-8 (for resistant to inhibitors of cholinesterase) has been
identified in a genetic screen performed to isolate genes involved in
secretion of neurotransmitter acetylcholine in C. elegans (Miller et al.,
GPR-1/2 and other regulators of GOA-1 and GPA-16 activity
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1996), RIC-8 appears to mediate biological processes by modulating
Ga signaling. In the adult, RIC-8 promotes secretion of
neurotransmitter by acting upstream of, or in parallel to the Gqa EGL-
30; inactivation of ric-8 and egl-30 leads to similar defects, including
reduction of egg laying, locomotion and secretion of neurotransmitter
(Miller et al., 2000). In the adult, RIC-8 does not act through GOA-1,
which is also involved in synaptic transmission, because inactivation of
the two genes exhibits opposite phenotype (Miller et al., 2000). In
contrast, in the one-cell stage embryo, RIC-8 acts redundantly with
GOA-1 to mediate correct spindle positioning as ric-8 is synthetically
lethal with goa-1 (Miller and Rand, 2000). No genetic interaction has
been reported in the early embryo between RIC-8 and other Ga
proteins such as GPA-16. RIC-8 has clear homologues in other
metazoans. Interestingly, mammalian Ric8 has been reported to bind
GDP-bound form Ga, form a stable intermediate with Ga that is
nucleotide free and to catalyze nucleotide exchange (Tall et al., 2003).
Does RIC-8 mediate spindle positioning in the one-cell stage C.
elegans embryo by promoting nucleotide exchange on GOA-1 and
GPA-16? Data from our laboratory go in that direction. First, a more
severe inactivation of ric-8 (mutant plus RNAi) produces similar
phenotype to those observed in gpr-1/2(RNAi) and Ga(RNAi) embryo.
Spindle severing experiments have been performed and show that
pulling forces are severely diminished and equal, suggesting that ric-8
is also required for generation of pulling forces and generation of
unbalanced pulling forces. Second, RIC-8 is distributed in the
cytoplasm, in the vicinity of centrosomes and weakly at the cortex.
Third, RIC-8 interacts with GOA-1 and GPA-16 in yeast two-hybrid
and GST-pulldown assays. Moreover, we found these interactions to be
abolished when we used RIC-8 proteins corresponding to the extant
mutant alleles. Finally, in collaboration with the Siderovski laboratory,
we found that RIC-8 acts as GEF for GOA-1.
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How could GPR-1/2, a GDI and RIC-8, a GEF be both positive
regulators of Ga signaling? Mammalian Ric8 cannot bind the GDP-
bound form of Ga in presence of Gbg, raising the possibility that GPR-
1/2 first binds the GDP-bound of GOA-1 thus excluding Gbg and
presenting it to RIC-8 which will then act as a GEF to yield GTP-
bound GOA-1 (Srinivasan et al., 2003; Gotta et al., 2003). This model
suggests the GTP-bound form, rather than the GDP-bound form, of
GOA-1 might mediate spindle positioning. However, data from our
laboratory suggest a different view. Indeed, it appears by
immunoprecipitation experiments that RIC-8 still binds to GOA-1 in
gpr-1/2(RNAi) embryonic extract suggesting that GPR-1/2 is not
necessary for RIC-8/GOA-1 interaction. In contrast, GPR-1/2 cannot
interact with GOA-1 in the absence of RIC-8. Taken together these
data suggest that RIC-8 first interacts with GOA-1, which will then
allow GPR-1/2 to interact with GOA-1. In addition our collaborators
have shown that nucleotide binding activity of RIC-8 on GOA-1 is
inhibited in presence of GPR-1/2.
To distinguish which species of GOA-1 is involved in spindle
positioning, Katayoun Afshar has generated transgenic line expressing
either a GDP-locked form (G204A) or GTP-locked (Q205L) of GOA-
1. If the GDP-bound form of GOA-1 is the “active” species,
overexpression of GOA-1 (G204A) should have an increase of pulling
forces whereas overexpression of GOA-1 (Q205L) should lead to less
force. In contrast, if GTP-bound form of GOA-1 is the “active”
species, embryos overexpressing GOA-1 (Q205L) should exhibit an
increase of forces acting on both poles whereas embryos
overexpressing GOA-1 (G204A) should exhibit less pulling forces.
Katayoun’s preliminary results indicate that expressing either form
prevents spindle elongation towards the posterior pole suggesting that
pulling forces are diminished. Therefore, it appears that both GDP- and
GTP-bound species are required for spindle positioning, raising the
possibility that cycling of Ga proteins is key.
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Unpublished data from Koelle’s laboratory suggest that RGS-7 acts
as a GAP for at least GOA-1. RGS-7 is a member of the Regulator of
G protein Signaling (RGS) family, which has 30 members in human.
The evolutionary conserved human, Drosophila and yeast RGS
proteins are responsible for rapidly turn off G proteins signaling
through their GTPase activity (for review see De Vries et al., 2000).
RGS proteins are localized at the plasma membrane and in the cytosol,
the cytosolic pool being translocated to the plasma membrane to turn
off G proteins. All RGS proteins share in common a RGS domain of
130 residues, responsible for GTPase activity. Their translocation to
the plasma membrane is mediated by either post-translational
modifications or through domains present in some RGS proteins
including the DEP domain, pleckstrin homology (PH) domain or the
PDZ domain. Others, including mammalian RGS-7, contain a G
protein gamma-like (GGL) domain, which confers specific binding to
Gb5 subunit, which appears necessary for stability and biological
activity (Snow et al., 1999; Witherow et al., 2003). Mammalian RGS-7
stimulates the GTPase activity of Goa and Gia (Hooks et al., 2003). In
C. elegans, RGS-7 appears to be involved in mitotic spindle
positioning in one-cell stage embryos (Hess and Koelle, 2003,
International Worm Meeting, poster 926). In contrast to GPR-1/2 and
RIC-8, RGS-7 appears to be a negative regulator of Ga signaling.
Embryos lacking rgs-7 activity exhibit exaggerated rocking during
spindle elongation a phenotype opposite to that of gpr-1/2(RNAi) and
Ga(RNAi) embryos. In addition, RGS-7 appears to increase the rate of
GTP hydrolysis of GOA-1 leading to inactivation of Ga proteins (Hess
and Koelle, 2004, East Coast Worm Meeting). Therefore, RGS-7
appears to act as GAP for GOA-1.
Therefore, in C. elegans, Ga signaling is regulated by three classes
of proteins as in mammalian system: two positive regulators GPR-1/2
acting as a GDI and RIC-8 acting as a GEF on GOA-1 and one
negative regulator RGS-7 acting as GAP. The sequential activation of
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these three molecules may regulate dynamically the mitotic spindle
positioning in one-cell stage embryos.
Establishment of polarity and spindle positioning in D.
melanogaster and C. elegans
One-cell stage C. elegans embryos and Drosophila NBs and SOPs
differ in some aspect of polarity establishment, of distribution of
GoLoco-containing protein (GPR-1/2 and Pins respectively) and
involvement of Ga protein in spindle positioning.
In Drosophila, NBs divide along the apical-basal axis whereas
SOPs divide along the anterior-posterior axis (fig.37). C. elegans
embryos, like SOP cells, divide along the anterior-posterior axis
(fig.37). Polarity in Drosophila NBs is established by a complex
including Bazooka, DmPAR-6, DaPKC, Inscuteable, the GoLoco
containing protein Pins and Gia. These components mediate a 90°
reorientation of the spindle along the apical/basal axis and allow
segregation of fate determinants to the basal cortex. In SOP cells,
spindle orientation along the anterior/posterior axis is regulated by a
distinct planar epithelial polarity pathway mediated by the seven
transmembrane receptor Frizzled and which results in distribution of
cell fate determinants at the anterior cortex. In C. elegans embryos,
polarity is established by the conserved PAR/aPKC complex, including
PAR-3/PAR-6/PKC-3 and PAR-2 which align the spindle along the
anterior-posterior cortex and segregate cell fate determinants (Etemad-
Moghadam et al., 1995; Tabuse et al., 1998; Boyd et al., 1996; Watts et
al., 1996). In contrast to Drosophila NBs and SOPs, the GoLoco-
containing protein GPR-1/2 and Gas (GOA-1 and GPA-16) are not
required for polarity establishment and segregation of fate determinant
in one-cell stage C. elegans embryos. Inscuteable has no apparent
function in one-cell stage embryos (work of Tu Nguyen-Ngoc, a MD
PhD student in the laboratory).
GPR-1/2 and other regulators of GOA-1 and GPA-16 activity
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In Drosophila NBs, Bazooka/DmPar-6/DaPKC and Inscuteable, Pins
and Ga colocalize in an apical cortical crescent whereas in SOPs,
Bazooka/DmPAR-6/DaPKC colocalize at the posterior cortical crescent
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and Pins and Gia colocalize at the anterior cortical crescent, Inscuteable
not being expressed (Schaefer et al., 2001; Bellaiche et al., 2001b; see
fig.37). Pins and Ga distribution is mutually dependent. In one-cell
stage C. elegans embryos, PAR-3 and PAR-2 are located at the anterior
and posterior cortex respectively. GPR-1/2 and Ga localize at the cell
cortex, GPR-1/2 is slightly enriched at the posterior cortex during
metaphase (see fig.37). Cortical distribution of GPR-1/2 is Ga
dependent whereas the converse is not true (see fig.30 and data not
shown).
Figure 37: Distribution of polarity markers, Inscuteable, Pins, GPR-1/2, Ga and
fate determinant in Drosophila NBs, SOPs and one-cell stage C. elegans embryos:
Baz, Bazooka; Mir, Miranda; Ins, Inscuteable. Inscuteable is not expressed in SOPs.
See text for details.
In Drosophila, members of the apical complex also control
asymmetric spindle positioning. In NBs, two parallel pathway control
spindle asymmetry and positioning, Bazooka/DmPAR-6/DaPKC and
Inscuteable in one pathway, Pins/Gia in the other one. Indeed,
depletion of one or several components of the same pathway leads to
an unequal cleavage whereas simultaneous inactivation of components
from the two pathways causes equal division (Cai et al., 2003). In
contrast, in SOP cells, Bazooka/DmPAR-6/DaPKC and Pins/Gia act
antagonistically to generate a symmetric spindle. The two complexes
are distributed on opposite cortices, PAR/DaPKC at the posterior
cortex Pins/Gia at the anterior one (Bellaïche et al., 2001b). Depletion
of one anterior component causes a shift of the spindle towards the
NBs SOPs
C. elegans
anterior posterior
apical
basal
Mir Insc /G ia/PinsBaz/ DmPAR-6/ DaPKC GOA-1/GPA-16GPR-1/2PAR-3 PAR-2
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posterior cortex whereas depletion of one posterior component leads to
a shift of the spindle towards the anterior cortex. Ectopic expression of
PAR/DaPKC at the anterior cortex mediated by expressing Inscuteable
at the anterior cortex causes displacement of the spindle towards the
anterior cortex (Cai et al., 2003). In C. elegans, spindle positioning is
mediated by GPR-1/2 and Ga in response to polarity cues and not in
conjunction with them (this work; Gotta et al., 2003; Srinivasan et al.,
2003).
Whereas gpr-1/2 is necessary for spindle positioning, it is unclear
whether GPR-1/2 is sufficient for generating unbalanced forces and
proper spindle positioning. Further experiments should address this
question. For instance, we could overexpress GPR-1/2 in one-cell stage
embryos with the aim of achieving uniform cortical distribution and
then test if this results in the expected alterations in pulling forces. We
could also attempt to ectopically express GPR-1/2 at the anterior cortex
and test whether this results in an inverted unequal cleavage.
In Drosophila NBs, Gb  also plays a role in asymmetric spindle
positioning as depletion of Gb  causes an equal cleavage (Yu et al.,
2003). It appears that Gb  acts upstream of both
PAR/DaPKC/Inscuteable and Pins/Gia pathways to mediate proper
spindle positioning, as in Gb  mutant NBs, distribution of all these
components is affected whereas the converse is not true (Yu et al.,
2003). In contrast, in one-cell stage C. elegans embryos, Gb  is not
directly involved in spindle positioning. Inactivation of Ga leads to a
severe diminution of pulling forces, resulting in a symmetric spindle
positioning whereas embryos lacking Gb  exhibit exaggerated pulling
forces, resulting an asymmetric spindle positioning. The defect in
spindle positioning in Ga(RNAi) could be due to an excess of free Gbg
and depletion of Ga activity. Ga;Gb(RNAi) embryos exhibit defects
similar than Ga(RNAi) including symmetric spindle positioning
suggesting that Gb  is not required for spindle positioning. In addition,
GPR-1/2 distribution is not affected and only centrosomal distribution
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of GOA-1 is affected in Gb(RNAi) conditions (Tsou et al., 2003; Gotta
and Ahringer, 2001). GPA-16 distribution in Gb  mutants has not been
reported to date.
In Drosophila Ga and Gb  seem to be required for spindle
orientation and segregation of fate determinants (Fuse et al., 2003; Yu
et al., 2003). Pins through its binding to GDP-bound form of Gia
allows release of Gbg, and free Gbg then mediate spindle orientation
(Schaefer et al., 2001). GPR-1/2 binds GDP-bound form of GOA-1 to
inhibit the nucleotide exchange mediated by RIC-8. Cycling of Ga
appears to be important to mediate spindle positioning in Gbg
independent manner in C. elegans.
In summary, my results provide evidence that heterotrimeric G
proteins are involved in spindle positioning whereby G proteins are
activated in a GPCRs independent manner via the GoLoco-containing
protein, GPR-1/2. GoLoco-containing proteins and G proteins are
conserved. Recently, asymmetric distribution of LGN has been
reported in dividing human neural cells (Fuja et al., 2004) suggesting
that the molecular mechanism of ACDs in one-cell stage C. elegans
and human cells may be conserved.
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Materials and Methods:
Nematode strains:
C. elegans and C. briggsae strains were cultured on agar plates with
E.coli strain OP50 as food source (Brenner, 1974). The following
strains were used: N2, (wild-type Bristol); par3(it71) (Cheng et al.,
1995); par1(it51) (Guo and Kemphues, 1995) ; par-4(it47) (Kemphues
et al., 1988; Morton et al., 1992); goa-1(sa734) (Segalat et al., 1995).
par-4 (it47) animals were shifted to 24°C for 12 hours before
performing experiments. Transgenic animals expressing GFP-PAR-6
(Cuenca et al., 2003), GFP-PIE-1 (Reese et al., 2000) or GFP-
TUB/GFP-HIS (Strome et al., 2001) were grown at 24°C (gift from
Geraldine Seydoux).
GFP-GPR-2 transgenic lines:
The full-length genomic of gpr-2 was PCR amplified (see table 8,
p.103) was cloned into pie-1-gfp germline expression vector carrying an
unc-119 cDNA (a gift from Michael Glotzer) and sequenced. DNA was
coupled to microbarrier gold beads and bombarded onto a monolayer of
~ 104 unc-119(ed3) L4 and adult hermaphrodites (Praitis et al., 2001).
Bombarded plates were kept at 24°C and screened 7-14 days after
bombardment. unc-119 mutants animals are unable to form dauers and
to move. unc-119 mutants transformed with the plasmids containing
unc-119 cDNA survive in the absence of food and move. We obtained 5
independent transgenic strains, four integrated ones and one
nonintegrated one.
RNAi:
RNAi for gpr-1/2, gpr-1/2;Ga, Ga, par-2, act-2 and tba-2 was
performed by feeding. The following sequences were amplified by PCR
with appropriate primers (see table 8, p.103) and subcloned in L4440
plasmid (Timmons et al., 2001): genomic region of gpr-1, starting 220
Materials and Methods
126
bp upstream the initiation codon of the open reading frame until the
junction of the third intron and fourth exon for gpr-1/2 (RNAi); full-
length genomic sequence of goa-1 and gpa-16 into the same plasmid
for Ga(RNAi); genomic region of gpr-1 and full-length genomic
sequence of goa-1 and gpa-16 for gpr-1/2;Ga(RNAi); full-length
genomic sequence of gpa-16 and of act-2, for gpa-16(RNAi) and act-
2(RNAi); genomic sequence of par-2 for par-2(RNAi) (gift from Moira
Cockell). tba-2(RNAi) was a gift from the Glotzer laboratory. The
constructs were transformed in HT115 bacteria (deficient in RNAseIII
endonuclease), which were then grown until an OD600nm of 1 and
OD600nm of 2 for gpr-1/2(RNAi) to establish the feeding conditions,
synthesis of dsRNA was induced by adding 1mM IPTG to agar plates,
and waiting for 12 hours at room temperature before worms were
added. L4 animals were fed for 36 hours at 20°C for gpr-1/2(RNAi),
Ga(RNAi), gpr-1/2;Ga(RNAi) and gpa-16(RNAi) or at 24°C for 16
hours for par-2(RNAi), for 12 hours for act-2(RNAi) and for 20 hours
for tba-2(RNAi).
RNAi for gpr-1 (121bp) and gpr-2 (121bp) were performed by
injection. Appropriate primer pairs (see table 8, p.103) were chosen to
amplify a 121 bp region of gpr-1 and gpr-2, ssRNA were synthesized
in vitro, annealed to generate dsRNA and injected into hermaphrodite
gonads after verifying their quality on agarose gel. Injected animals
were grown at 20°C for 36 and 48 hours respectively.
Tracking of spindle poles and laser-mediated spindle
severing:
Worms were dissected and embryos mounted on agarose pads.
Embryos were imaged with time-lapse DIC microscopy at 23 ± 1°C as
described (Gönczy et al., 1999), taking 1 image every 5 seconds. The
position of the two spindle poles was determined from the time of
pronuclear envelope breakdown until onset of cytokinesis.
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For spindle pole separation, spindle poles were tracked in embryos
expressing GFP-TUB and GFP-HIS using time-lapse fluorescent
microscopy taking 1 image every 10 seconds.
Severing of the central spindle was achieved by our collaborators
essentially as described (Grill et al., 2001) using a pulsed, third-
harmonic, solid-state UV laser (? =354 nm, 4 ns, 12 µJ/Pulse,
PowerChip, JDS Uniphase) (Grill et al., 2001).  Subsequent time-lapse
DIC microscopy was performed taking 2 images per second; spindle
pole tracking and analysis was conducted as previously described (Grill
et al., 2001).
Deletion allele screen:
Generation of deletion allele was attempted as previously reported
(Wei et al., 2002). Briefly, synchronized L4 N2 animals (~6000) were
mutagenized with 50mM of ethyl methanesulfonate (EMS) for 4 hours.
This number of animals was also mutagenized with 25 mg/ml of
trimethylpsoralen (TMP). After recovery, mutagenized P0 animals were
axenized to collect the F1 eggs. F1 L1 animals were seeded on OP50
plates (~50 plates) and grown over two generations. 25% of animals
from each resulting plate were lyzed and ordered in ten 96-well plates.
DNA from corresponding wells was pooled from the 10 plates to
generate a 96-well master plate. DNA from the 8 rows and 12 columns
from the master plate were pooled further and the 20 resulting DNA
mixtures screened for deletions in gpr-1 and gpr-2 genes by PCR using
appropriate primers (see table 8, p.103).
Indirect immunofluorescence:
A peptide corresponding to amino-acids 490-503
(MNRILKRSKKSKSS) of GPR-1/2 was synthesized and injected into
two rabbits. Antisera were affinity-purified (Sigma Genosys; a gift
from Tony Ashford and Tony Hyman). In addition, an amino-terminal
segment (1-340 aa) and a carboxy-terminal segment (341-525 aa) of
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GPR-1 (full-length cDNA derived from ? ZAPII phage yk103a4, a gift
from Yuji Kohara) were fused to GST, the fusion proteins expressed
with pGEX-6P-2 and purified from E.coli. The fusion proteins were
extracted from inclusion bodies and purified by electroelution before
injection into one rabbit each. The serum of the rabbit injected with
GST-GPR-1/CT was strip-purified: GST-GPR-1/CT was loaded on
SDS-PAGE gel and transferred on PDVF membrane using Biorad
running and transfer system, after Ponceau coloration. The GST-GPR-
1/CT band was cut and incubated for 12 hours with the serum of the
rabbit injected with GST-GPR-1/CT; after removing the serum, the
strip was washed in PBS and bound antibodies were eluted with 100
mM glycine, pH 2.1 and dialyzed against PBS. The rabbit injected with
GST-GPR-1/NT died during the immunization program. The blood has
not been taken.
The full-length cDNA of GOA-1 (a gift from Michael Koelle)
and GPA-16 (amplified by RT-PCR, see table 8, p.100) were fused
to GST and sequence-verified. The fusion proteins were expressed
and purified from E.coli. GST-GOA-1 was bound on a column and
GOA-1 was then released by cleaving with Prescission protease
for 12 hours at 4oC. Released GOA-1 was recovered in several
fractions that were pooled before injection into a rabbit. The
resulting serum was column and strip-purified against purified
GST-GOA-1. GST-GPA-16 was purified from inclusion bodies by
electroelution before injection into a rabbit. The resulting serum
was passed through a GST column before strip-purification against
GST-GPA-16. Bound antibodies were eluted and dialyzed as done
for anti-GPR-1/2 antibody.
Embryos were processed for immunofluorescence essentially as
described (Gönczy et al., 1999). Briefly, worms were cut in H2O on
poly-L-lysine coated slides, freeze-fractured, fixed with methanol at -
20°C, rehydrated and incubated with antibodies. Dilutions for primary
antibodies were 1:400 mouse anti-tubulin (DM1A, Sigma); 1:400 rabbit
anti-GPR-1/2 (peptide); 1:600 rabbit anti-GPR-1/2 (CT); 1:600 rabbit
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anti-GOA1; 1:600 rabbit anti-GPA-16; 1:60 rabbit anti-PAR-3 (Pichler
et al., 2000), 1:200 rabbit anti-PAR-2 (Pichler et al., 2000); 1:2000
rabbit anti-PAR-1 (Gönczy et al., 2001); 1:1000 rabbit anti-PGL-1
(Kawasaki et al., 1998) and 1:300 rabbit anti-GFP (a gift from Viesturs
Simanis). Secondary antibodies were 1:2000 goat anti-mouse Alexa488
(Molecular Probes) and 1:2000 donkey anti-rabbit Cy3 (Dianova).
Slides were counterstained with Hoechst 33258 (Sigma) to reveal DNA.
Indirect immunofluorescence was imaged on an LSM510 Zeiss
confocal microscope. Optical slices were ~1.0 mm thick. Images were
processed with Adobe Photoshop.
Quantification of GPR-1/2 signal:
Quantification of GPR-1/2 signal was performed on confocal images
using Metamorph software (Universal Imaging). The line tool was used
to delineate a portion of the anterior and posterior cortices and a square
in the cytoplasm and outside the embryo was delineated as well. The
average pixel intensity of the marked region was measured. Cortical
and cytoplasmic intensities were determined. Quantification of GPR-
1/2 signal in Ga(RNAi) embryos was performed in two cell-stage
embryos by delineated a portion of anterior cortex of AB and a portion
of posterior cortex of P1. A square was delineated in the cytoplasm of
both blastomeres. The cortex/cytoplasmic ratio was calculated in both
blastomeres and averaged.
Western blot:
Western blotting was carried out according to standard procedures
on PVDF membranes on wild type, gpr-1/2(RNAi), Ga (RNAi), goa-
1(sa734), gpa-16(RNAi) embryonic extracts using the following
primary antibodies: 1:1000 GPR-1/2(CT); 1:1000 GOA-1 (column
purified); 1: 5000 GOA-1 (strip-purified); 1:1000 GPA-16 and 1:5000
tubulin (DM1A, Sigma).
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Yeast two-hybrid assay:
Experiments were performed in strain MAV103 (Vidal et al., 1996)
(Trp-, Leu-, and containing the HIS3 and lacZ reporter genes). Full-
length GPR-1, PCR amplified (see table 8, p.103) was subcloned in
pPC97 ("bait " vector encoding the GAL4 DNA-binding domain), full-
length GOA-1 or GPA-16 in pPC86, PCR amplified (see table8, p.103)
("prey" vector encoding the GAL4 transactivator domain) and
sequences were verified. The yeasts were cotransformed with 1mg of
bait-DNA and 1mg of prey-DNA by heat shock using standard
procedures. Transformants were grown for 3-4 days at 30°C on
selective medium (Trp-, Leu-). One colony of each transformation was
grown in selective medium (Trp-, Leu-) until an OD600nm of 1. 10
4-105
cell/ml were grown on triple selective (Trp-, Leu-, His-) agar plates
containing 0 mM, 50 mM and 100 mM 3-aminotriazol.
GST-pull down assay:
Full-length GOA-1 and GPA-16 were utilized to generate
? 35S? methionine-labeled proteins in vitro with the TNT T7 Quick-
coupled transcription/translation system (Promega). Fragments of GPR-
1 were fused to GST and expressed using pGEX-6P-2 (Pharmacia). 10
mg of GST or GST-GPR-1 fusion proteins (corresponding to 2.5 ? M
for GST, 0.7 ? M for GST-GPR-1/FL, 1 ? M for GST-GPR-1/NT, 1.4
? M for GST-GPR-1/CT, 2.3 ? M for GST-GPR-1/GoLoco), were
incubated O/N at 4°C with 5 ml of in vitro synthesized
? 35S? methionine-labeled full-length GOA-1 or GPA-16 in binding
buffer (50 mM HEPES, 150 mM NaCl, 5 mM MgCl2, 0.1 mM DTT,
0.01% Tween 20). The reaction was incubated with glutathione-
Sepharose beads for 1 hour at 4°C, the beads washed three times in 1 ml
PBS 1X for 1 min, resuspended in 30 ml of SDS-PAGE sample buffer,
denatured, and separated on SDS-PAGE before autoradiography.
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GTPgS binding assay:
Full-length GOA-1 was expressed with pGEX-6P-2 following a
protocol kindly provided by Michael Koelle. The frozen bacterial pellet
was resuspended in lysis buffer (50mM Hepes, 150mM NaCl, 1mM
EDTA, 1mM DTT, 10% glycerol, 1:1000 protease inhibitor cocktail
(Sigma), 1 ? M GDP), and the lysate passed through a GST column
(Akta System, Pharmacia). Full-length GST-GPR-1 and GST were
expressed using pGEX-6P-2. The frozen bacterial pellets were
resuspended in PBS and with 1:1000 protease inhibitor cocktail, and
the lysate incubated with glutathion Sepharose beads for 12 hours at
4oC. After three washes in cold PBS, GST-GPR-1/GoLoco and GST
were eluted in 500 ml of 20mM glutathion, 50mM Tris-HCl pH 8 for
15 minutes at room temperature. GST-GPR-1/GoLoco and GST were
then dialyzed against Buffer A (50 mM Hepes, 100mM KCl, 2mM
MgCl2, 1mM DTT). GOA-1 (1 mM) alone or in presence of GST-GPR-
1/GoLoco (1 mM) or GST (1 mM) was incubated at room temperature
in buffer A with 9.1 nM GTP? ? 35S?  (NEN) and 10 mM cold GTPgS
(Vignal et al, 2000). At the indicated time points (10 sec, 15 min, 30
min, 60 min), 40 ml of the reactions were passed through cellulose
nitrate filters (0.45 mM, Schleicher and Schuell), the filters washed 3
times with 1 ml ice-cold buffer B (50 mM Tris pH8, 10 mM MgCl2)
and counted in duplicate in 10 ml of scintillation liquid. The amount of
GTPg? 35S?  bound to GOA-1 was determined from the counts retained
on the filters, and multiplied by 1000 (approximate ratio between cold
and hot GTP) to give rise to the total amount of GTP bound to GOA-1
at each time point. The number of moles of GTP bound to GOA-1 was
then compared to the total number of moles of GOA-1 to give the % of
GTP-bound GOA-1. Measurement of BODIPYÒ fluorescence was
performed by our collaborators in the Siderovski laboratory, as
previously described (Kimple et al., 2004).
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Cell culture and transfection experiment:
 COS7 cells were grown on glass coverslips to 70% confluency in
DMEM supplemented with 10% fetal calf serum. Cells were
transfected with cDNAs encoding full-length GOA-1 or GOA-
1(G204A) or GOA-1(Q205L) (gifts from Katayoun Afshar) inserted
into the pHAL-11 vector containing HA tag (gift from Susan Schmidt).
After 24 hours, cells were fixed in methanol (kept at –20°C),
rehydrated in PBS and permeabilized with PBS/Triton 0.1%. After
blocking in BSA immunofluorescence were performed using rabbit
anti-GOA-1 and mouse anti-a-tubulin (DM1A, Sigma) antibodies at
dilution 1:600 and 1:400 respectively. Secondary antibodies were
1:2000 goat anti-mouse Alexa488 and 1:2000 donkey anti-rabbit Cy3.
When needed, cells were left 30 min on ice or in 10 mM taxol prior
fixation.
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Table 8: List of primers used for experiments.
Brief description          name      Sequence
gpr-1  (genomic,1733 bp) in L4440
vector
Ke-3 GAC TAG TTC AGC GGT TGT TTT ATT
GAA GAT
Ke-4 GAC TAG TAC GAG CTG GAA AAA TAT
AAA
gpr-2  (121 bp) dsRNA in vitro Ke-7 TAA TAC GAC TCA CTA TAG GTG GAT
GGC CCT AAG GAT GAA GTC AT
Ke-8 AAT TAA CCC TCA CTA AAG GGG AGG
TTC CGA ACT CCA TTG TG
gpr-1  (121 bp) dsRNA in vitro Ke-13 AAT ACG ACT CAC TAT AGG CGA TGG
TCC CAA GGA TGA AGT CGC
Ke-14 AAT TAA CCC TCA CTA AAG GTG AGG
TTC CGA ACT CCA TTA TC
goa-1  (genomic, 988 bp) in L4440
vector
Ke-19 GAC TAG TTT CCT TGA CGA CCT GGA
AAG
Ke-20 TCC CCC CGG GCT TTT CGT GGA CAG
GAA CC
gpa-16 (genomic, 593 bp) in L4440-
goa-1
Ke-21 GGG GTA CCC AAA CGT GCA CCA AGG
ATA A
Ke-22 TCC CCC CGG GAC AGT GCA ACG CAG
AAA ATG
gpr-2  (genomic, FL, 1578 bp) in pie-1-
gfp vector
Ke-23 GAC TAG TGA CGT CTC TTA TTA TGA
TGG CCC T
Ke-24 GAC TAG TTT TGG ACG TCA TTG TCA
CAT CAT C
gpr-1  (cDNA, FL, 1578 bp) in pGEX-
6P-2
Ke-40 TCC CCC GGG ATG GAC GTC TCT TAT
TAC GAT GGT C
Ke-41 TCC CCC GGG CTA TTT GGA CGT CAT
TGT CAC ATC AT
gpr-1  (cDNA, NT, 1020 bp) in pGEX-
6P-2 to used with Ke-40
Ke-42 TCC CCC GGG GTT TTG GTT GAT GGT
CAG AAC ACT
gpr-1  (cDNA, CT, 557 bp) in pGEX-
6P-2 to used with Ke-41
Ke-43 TCC CCC GGG AGT TTC AAA CTG TTC
TAC GAG CAG A
gpr-1  (cDNA, GoLoco motif, 61 bp)
in pGEX-6P-2
Ke-44 TCC CCC GGG GTA GAC ATG ATG GAT
CTC ATT TTC AG
Ke-45 TCC CCC GGG CAG TTC AGT TCT TTG
ATC ATC CAT AC
goa-1  (cDNA, FL, 1065bp) for in vitro
translation
Ke-46 CGG ATC CTA ATA CGA CTC ACT ATA
GGG AGA CCA CCA TGG GTT GTA CCA
TGT CAC AGG AAG
Ke-47 CGG ATC CTT TTT TTT TAA TAC AAG
CCG CAT CCA CGA AG
gpa-16 (cDNA, FL,1074bp) for in
vitro translation
Ke-48 CGG ATC CTA ATA CGA CTC ACT ATA
GGG AGA CCA CCA TGG GGT GTA TTA
TGA GCC AGG AGG
Ke-49 CGG ATC CTT TTT TTC AAC GAC ACC
CTT GGA ATT T
goa-1  (cDNA, FL, 1065bp) in pPC86
vector
Ke-56 GAC TAG TGG TTG TAC CAT GTC ACA
GGA AGA
Ke-57 GAC TAG TTT AAT ACA AGC CGC ATC
CAC GA
gpa-16 (cDNA, FL, 1074bp) in pPC86
vector
Ke-58 GAC TAG TGG GTG TAT TAT GAG CCA
GGA G
Ke-59 GAC TAG TTT AGT AGA GCC CGC ACG
TGC
goa-1(cDNA, FL, 1065 bp) in pGEX-
6P-2
Ke-60 TCC CCC GGG GGT TGT ACC ATG TCA
CAG GAA GAG
Ke-61 TCC CCC GGG TTA ATA CAA GCC GCA
TCC ACG A
gpa-16 (cDNA, FL, 1074 bp) in
pGEX-6P-2
Ke-62 TCC CCC GGG GGG TGT ATT ATG AGC
CAG GAG
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Ke-63 TCC CCC GGG TTA GTA GAG CCC GCA
CGT GC
gpr-1   (cDNA, FL, 1578 bp) in pPC97
vector to used with Ke-24
Ke-64 GAC TAG TGA CGT CTC TTA TTA CGA
TGG TCC C
Cb gpr (genomic, 1500 bp) dsRNA in
vitro
Ke-69 TAA TAC GAC TCA CTA TAG GAA TGC
GGA ACA ACC GAT ATT
Ke-70 AAT TAA CCC TCA CTA AAG GGA CTG
TTT GGC CGT CGA ACT
act-2  (genomic, 1182bp) in L4440
vector
Ke-113 GGA CTA GTA CCT CGT CAT CAA GGA
GTC A
Ke-114 GGA CTA GTA AGG CAG ATG ACG TTA
TCT GG
goa-1(cDNA, WT, G204A, Q205L) in
pHAL11 vector to used with Ke-57
Ke-115 GAC TAC CGG TCC ACC ATG GGT TGT
ACC ATG TCA CAG
par-2  (genomic, 1571 bp) in L4440
vector
MC-20 GAC TAG TCG ATT GCC AAC TCA TCG
CCA CG
MC-21 GAC TAG TCG ATG CAC GGC TCA CAG
TAC G
gpa-16 (genomic, 593bp) in L4440
vector
Y95B7.5(F) GCT CTA GAG CAC GTG CAC CAA GGA T
Y95B7.5(R) AAG GCC TTA TGA GTG CCG TCA CGT
gpr-1  outer for PCR screening
(deletion)
gpr-1/OP-L GCA TTG CCG ATG AGC CTA CGG
gpr-1/OP-R TCG GAC GGA ACA TCG GAG CA
gpr-1  inner for PCR screening
(deletion)
gpr-1/IP-L CAA CTG CGG CAA AAT AAG CAT CCA
gpr1/IP-R GCT GGA ATG GAT GAA CCG GAT AAG G
gpr-2  outer for PCR screening
(deletion)
gpr-2/OP-L CCC AAG CGG CAG GCC AAC T
gpr-2/OP-R CGC CAA GTT TCA CTT CCC CAC A
gpr-2  inner for PCR screening
(deletion)
gpr-2/IP-L CAG AAG GCG CGG TGA GAC ACA
gpr-2/IP-R TCG TGC AGA TCC GCG TGA AA
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